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Two aspects of flowering that may limit productivity in hazelnut (Cory lus
avellana L.) were examined: shade and self-incompatibility. From 0% to 92% of
ambient light was excluded from whole 'Ennis' and 'Barcelona' trees with shade
cloth. Male and female inflorescence density declined linearly by two-thirds and
one-third, respectively, over the range of shade studied. Nut yield decreased by
over 80%, to < 1 kg per tree, in 92% shade, but the yield components nut set, nut
number per cluster, and nut weight were affected differently in the two cultivars.
Nut number was more sensitive to shade than was nut size. Shade reduced the
incidence of nuts without kernels and increased the incidence of moldy and poorly
filled kernels. Mean light-saturated rate ofphotosynthesis was 12 Amol CO2 m2
S-1 for control (0% shade) leaves, and 9 timol CO2 nr2 s' for leaves growing in
92% shade. Shade reduced mean dark respiration rate and light compensation point
by more than 60% relative to control leaves.
Fluorescence and scanning electron microscopy confirmed that pollen-stigma
interactions of hazelnut were typical of species with sporophytic self-incompatibility.
Redacted for PrivacyStigmas were dry; incompatible pollen tubes either failed to emerge or failed to 
penetrate the stigma, and callose was deposited in pollen tubes and papillae. 
A method was developed to extract DNA from hazelnut leaves, a previously 
recalcitrant tissue. DNA gel blots were probed with the Brassica sporophytic self-
incompatibility genes SLG (S-locus glycoprotein) and SRK (S-receptor kinase) to test 
the hypothesis that the hazelnut genome contains homologs of these genes. SLG 
hybridized weakly to a region of hazelnut DNA that was conserved among diverse 
hazelnut genotypes; however, the hazelnut DNA did not hybridize to PCR-generated 
probes for two conserved regions of SLG, including one that is an invariant 
structural feature of SLG, SRK, and all other S-family genes. A probe for the kinase 
domain of SRK hybridized weakly to only two hazelnut genotypes.  Self-
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 ASPECTS OF FLOWERING IN HAZELNUT: SELF-INCOMPATIBILITY
 
AND LIGHT REQUIREMENT 
CHAPTER 1 
INTRODUCTION 
Hazelnut (Corylus avellana L.) is not a high-yielding crop in Oregon. Nut 
yield reaches a plateau after 10-12 years, although trees can live for up to 185 years 
(Jona, 1985). This thesis represents a start in addressing two aspects of flowering 
that may limit productivity in hazelnut: light penetration into the canopy, and self-
incompatibility. 
One reason for the plateau in nut yield could be a decrease in floral initiation 
in the increasingly shady canopies, which are rarely pruned in hazelnut orchards. 
Jona (1985) remarked that floral initiation was greater on well-lit branches, but he 
did not cite a reference or provide further details.  Studies of the effect of shade on 
hazelnut flowering, yield or vegetative growth have apparently not been done. Even 
such basic physiological information as the photosynthetic rate is unavailable for this 
crop. Although hazelnut evolved as an understory tree, some reduction in growth 
and reproduction in the shade seems likely. 
Manipulation of the light environment to horticultural advantage requires 
concrete information on the degree of shade tolerated, and expected gains to be had 
from pruning. In the studies described here, the effect of shade on reproductive 2 
potential was analyzed to ascertain how much light is needed for good bloom and 
yield, and for the adequate vegetative growth necessary to support them. 
Second, I explored the mechanism of self-incompatibility (SI) in hazelnut.  In 
self-incompatible plants, some physiological mechanism barring self-fertilization is 
present. Plant breeders have obtained high-yielding self-compatible cultivars from 
outcrossing progenitors in many other tree crops (Sedgley and Griffin, 1989).  Self-
compatible clones of hazelnut would reduce the need for so much of the orchard to 
be occupied by pollinizers, with attendant problems of reciprocal incompatibility, 
and so on. Self-compatibility, or a method to overcome SI, would also be a boon to 
hazelnut breeding programs  Perhaps SI could be eliminated, blocked or overcome 
if we understood it better. 
Much is known about the physiology and molecular biology of SI in 
crucifers.  If hazelnut SI resembles that of Brassica, our progress toward 
understanding it would have a big "head start." To further understanding of 
hazelnut SI, I studied pollen-stigma interactions.  I also conducted some experiments 
to determine whether sporophytic self-incompatibility in hazelnut and Brassica might 
be similar enough at the molecular genetic level to use the genes from Brassica as 
tools for more rapidly advancing scientific knowledge of SI in hazelnut. 3 
CHAPTER 2 
LITERATURE REVIEW 
2.1. EFFECT OF LIGHT ON REPRODUCTIVE POTENTIAL 
2.1.1. Indirect effects: photosynthesis and vegetative growth 
The photosynthetic rate of a single leaf responds to light in a predictable 
fashion when other factors affecting net photosynthetic rate (Pn) are held constant, 
and a curve of the shape depicted in Fig. 2.1 is obtained. Five points  on the curve 
are of particular interest. 
(1) The y-intercept represents the dark respiration rate (Rd), the CO2 released in 
darkness. Rd is a measure of the maintenance respiration of leaf tissue. 
(2) The x-intercept is the light compensation point, the irradiance at which 
photosynthesis just balances leaf respiration such that net CO2 uptake is  zero.  It is 
related to Rd. 
(3) The initial slope of the curve corresponds to the apparent quantum yield or 
quantum efficiency (the number of moles of CO2 fixed per mole of incident 
photosynthetically active radiation (PAR)). Some authors prefer to use the reciprocal 
ratio, called the quantum requirement for photosynthesis. The theoretical minimum 
quantum requirement is. 8 quanta per molecule of CO2 fixed, but such values are 4 
4 
5 
Irradiance 
Fig. 2.1. The photosynthetic light response curve for a typical C3 plant. 
rarely attained in field conditions, where photorespiration, nitrate assimilation, and 
other demands for reducing power in the leaf must be met (Baker and Ort, 1992). 
(4) The maximum is the light-saturated Pn (P. for short), at which an increase in 
irradiance elicits no further change in Pn. At P., some dark-reaction factor limits 
net photosynthetic rate, often CO2 concentration (Salisbury and Ross, 1992). The 
curve may level off or approach an asymptotic maximum in the leaves of C3 plants, 
but C4 leaves show no light saturation of Pn up to an irradiance equal to full sun. 
(5) The light intensity at which P. is attained (or 95% of the maximum if the curve 
is asymptotic). Many C3 plants saturate at 25-50% full sun (ibid). Irradiance higher 
than that needed to saturate Pn may inhibit photosynthesis (Fiore and Lakso, 1989). 
The effect of shade on photosynthetic potential is discussed in detail by 
Boardman (1977), Kramer and Kozlowski (1979), Larcher (1980), Jones (1983), and 5 
Salisbury and Ross (1992). The description below is based primarily on these 
sources. 
"True" or obligate shade plants have lower dark respiration rates, higher 
quantum efficiencies and lower light compensation points than sun plants. Pn is light-
saturated at an irradiance of only 100 Amol PAR nr2 s-1 (about 5% full sun), with P. 
of only  1.3-3.2 Amol CO2 131-2 S-1 (Boardman, 1977; Jones, 1983). Such plants are 
more adept than sun plants at surviving in their natural habitats (e.g. rainforest 
floors), but their total dry matter is low, because available PAR is so low. In 
addition, shade plants cannot adapt their photosynthetic apparatus to take advantage of 
higher light intensities. Their leaf conductance and dark-reaction enzyme 
concentrations do not increase at higher irradiances, so their P. remains unchanged. 
If moved into full sunlight, they undergo photo-oxidation and destruction of 
photosynthetic reaction centers, and eventually die. 
Thus "sun" and "shade" plants are classified by their ability to adapt to a 
selected light intensity (Boardman, 1977). Most plants are facultative, preferring to 
grow in sun, but able to tolerate some shade. Tolerance is determined by the genetic 
plasticity for anatomical changes, enzyme activity, Pn, respiration rate, etc., and can 
be a decisive factor in plant succession (Kramer and Kozlowski, 1979). Climax 
species must be able to reproduce in their own shade. Shade tolerance tends to be 
higher in young specimens and on favorable sites.  Early-successional species such as 
pine, aspen and larch frequently are intolerant of shade and gradually become 
eliminated from the stand in the absence of factors generating openings (e.g. forest 
fires). 6 
Growing leaves of facultative species in continuous or frequent shade induces 
many of the same features as found in shade plants. Such "shade leaves" can be 
found in the interior or lower portions of the canopy. To maximize light interception 
at low irradiance, shade leaves invest more resources in the light-harvesting complex 
and less in ribulose bisphosphate carboxylase (rubisco), since the dark reaction is not 
limiting. Compared to sun leaves of the same species, shade leaves have more 
chlorophyll per unit weight, a lower chlorophyll a/b ratio, larger chloroplasts and 
granal stacks, thinner cell walls, epidermis and mesophyll, and lower stomatal 
density. 
These changes have ramifications for the photosynthetic light response curve. 
Specifically, shade-grown leaves exhibit a less negative Rd and a lower light 
compensation point than their sun-grown counterparts. Pn saturates at a lower 
irradiance, and P.. is lower by up to fivefold (Salisbury and Ross, 1992). The initial 
slope of the light response curve, in contrast, does not change, and cannot match that 
of a true shade plant (Boardman, 1977). 
After leaves are fully expanded, only limited adaptation to a change in the 
light environment can be achieved, primarily by shifts in rubisco content or 
respiration rate, not anatomical changes (Boardman, 1977; Fails et al., 1982c). This 
fact likely explains why sun-to-shade conversions are possible, but shade-to-sun 
conversions are rarely successful: the plant can alter rubisco concentrations,  but 
cannot add or remove palisade layers, for example. 
The spectrum of sunlight is very similar to that of sun flecks on the forest or 
orchard floor (Looney, 1968), whereas shade is enriched in green and near infrared 7 
wavelengths (Boardman, 1977). Recurrent sun flecks within the canopy and on the 
floor are believed to be important to shaded trees that might not otherwise survive 
(Kramer and Kozlowski, 1979). Plants can make efficient use of fluctuating light by 
responding quickly to sun flecks. Pn in half-second intermittent light is 85 % of that 
in continuous high light in apple, compared to 10% in continuous low light (Lakso 
and Barnes, 1978). Species in which Pn saturates at a very low irradiance may not be 
able to benefit from sun flecks. Sun flecks account for 60% of the PAR reaching the 
rainforest floor on clear days in Queensland, Australia (Boardman, 1977). More total 
light reaches the floor on overcast days, however, because the light is diffuse and 
shadows are few (Boardman, 1977; Lakso and Seeley, 1978). 
Shade reduces dry matter production (Barden, 1974, 1977; Kramer and 
Kozlowski, 1979; Larcher, 1980). Total leaf area per plant and leaf number are 
frequently lower in the shade because the increased area per leaf cannot compensate 
for the reduced rate of leaf production (Maggs, 1960). Shoot diameter decreases 
(Auchter et al., 1926; Barden, 1977; Fails et al., 1982a; Kappel and Fiore,  1983; 
Grant and Ryugo, 1984), as does shoot number (Kramer and Kozlowski,  1979). Root 
growth in the shade has received relatively little attention, but Maggs (1960) noted 
that shading young apple trees increased the increment of dry matter devoted to leaves 
and decreased that of roots, while the proportion in stems remained  constant. 
Plant dry matter production is directly proportional to light interception,  yet 
leaf photosynthetic capacity rarely limits yield. Such is the conclusion of an 
impressive body of research on the physiology of photosynthesis and the effect of 
shading. 8 
In classical growth analysis, the rate of dry matter production can be expressed 
as CGR = NAR x LAI, where CGR = crop growth rate, the daily increment of dry 
matter per unit ground area; NAR is the net assimilation rate in mass per unit leaf 
area per day; LAI is a unitless ratio of leaf area to ground area. 
NAR is largely determined by Pn, but is lower than indicated by the Pn of 
single leaves because NAR allows for respiration losses at night and from non-
photosynthetic tissue. NAR is grounded in genetics e.g. whether a C3 or C4 carbon 
fixation pathway is present, quantum requirement, proportion of non-photosynthetic 
tissue (often large for woody perennials), leaf anatomy, stomatal resistance,  rubisco 
concentration, etc. The correlation between leaf Pn and growth potential  can be high, 
low or even negative, because growth potential also depends on climatic factors, such 
as length of the growing season (e.g. deciduous vs. evergreen leaves), photoperiod 
and light intensity, as well as respiration rate, distribution of photosynthate within the 
plant, and leaf age (Kramer and Kozlowski, 1979). Most leaves do not achieve their 
P,, because of non-optimal conditions for nutrition, temperature, vapor pressure 
deficit, water status, light exposure and so on (Jones, 1983). For instance, although 
individual leaves saturate at a lower irradiance than plant canopies do, the interior 
leaves of a tree are never light-saturated (Kramer and Kozlowski,  1979). One cannot 
therefore extrapolate NAR directly from Pn measurements on individual leaves. 
LAI can also limit dry matter production. In traditional orchards, much of the 
incident light falls "unused" on the alleys. Excessive leaf area is associated with self-
shading, which is also an inefficient use of light. Leaf area duration also plays a role, 
and is affected by stresses such as insufficient water, nutrients or light (Jones, 1983). 9 
Optimum LAI depends upon canopy architecture and plant arrangement. The 
light attenuation within the crown of a tree is determined by crown shape, foliage 
density, branch angles and so on (Kramer and Kozlowski, 1979). Palmer et al. 
(1992) investigated light interception and yield in high-density apple plantings in the 
Netherlands. Two intermediate tree densities (4545 and 4000 trees ha-') had the same 
LAI (2.1), but the squarer layout (4000 trees ha-1) increased light interception from 
57% to 74%, with a corresponding increase in fruit yield from 59 to 69 tonnes he. 
The authors stated that over 80% of the light could be intercepted without a loss in 
fruit quality by decreasing alley widths, but a change in machinery size would be 
required. 
The last term in the equation is dry matter production (CGR). The usual aim 
in agricultural systems is maximum harvested yield, rather than dry matter per se. 
The "harvest index" is that proportion of the dry matter that is harvested for its 
economic value e.g. the fruits of apple, the trunks of firs. Much of the yield increase 
in crops this century has been achieved by raising the harvest index e.g. the 
development of semidwarf cultivars of cereals (Jones, 1983), dwarfing rootstocks for 
tree fruits (Strong and Miller-Azarenko, 1991). 
Annuals tend to devote a substantial proportion of their resources to 
reproduction, especially in stressful environments. Perennials may curtail 
reproduction in bad years in favor of survival, and normally adjust their crop load to 
resource availability several times during the season by altering fruit set, abortion 
rates, etc. (Willson and Burley, 1983). As most horticultural tree crops are grown 10 
for their fruits or seeds, stressful environments tend to affect yield  more than 
vegetative growth. 
In summary, yield is more likely to be limited by the light available at leaf 
level than by the photosynthetic capacity of the leaf. Attention has therefore shifted 
to canopy management, including tree spacing, and pruning and training systems in 
fruit crops. Good introductions to these topics are provided by Jackson (1980) and 
Barritt (1992). 
2.1.2 Effect of light on flowering 
In many plants, daylength is a profoundly important stimulus for flower bud 
induction. The daylength requirement may be absolute or facultative; frequently light 
intensity, temperature and circadian rhythms are interacting factors. June-bearing 
strawberries and some temperate grasses require short days for floral initiation, but 
long days for flower bud development (Kinet, 1993). 
Day length is perceived by phytochrome in young, mature leaves, and phloem 
transport of the floral stimulus is now firmly established (O'Neill, 1993). Mutants 
with impaired daylength sensitivity have been found. The mutations map to various 
loci in pea and Arabidopsis, and can be either dominant or recessive (Kinet, 1993). 
Events subsequent to daylength perception (such as the mode of action of 
phytochrome, how daylength is transduced into a floral stimulus, and the nature and 
mode of action of the floral stimulus) remain utterly obscure. Seven decades of 11 
research on photoperiodism have solved very few of its mysteries, noted O'Neill 
(1993). 
No daylength requirement for floral induction has ever been established for 
fruit or forest trees (Matthews, 1963; Jackson and Sweet, 1972; Gur, 1985;  Sedgley 
and Griffm, 1989; Kinet, 1993), although seasonal vegetative growth (especially the 
cessation of shoot elongation) is strongly photoperiodic in some (Piringer and Downs, 
1959; Jackson and Sweet, 1972). 
In contrast, shade studies and analyses of flower distribution over crowns 
provide ample evidence that light intensity is very important for flowering in trees. 
In apple, shade has a strongly negative effect on flower bud formation, and more than 
30% full sun is required for continued flowering (Cain, 1971; Lakso,  1980; Gur, 
1985). Shade also increases the tendency for biennial bearing in apple (Jackson and 
Palmer, 1977b). Shade is detrimental to flowering in other rosaceous tree fruits 
(Jackson and Sweet, 1972; Marini and Sowers, 1990; Kinet, 1993), kiwifruit (Grant 
and Ryugo, 1984; Snelgar et al., 1991, 1992; Fabbri et al., 1992), walnut (Ryugo et 
al., 1980), and birch, pine and other forest trees (Matthews, 1963; Jackson and 
Sweet, 1972; Kramer and Kozlowski, 1979). Direct light on the buds (not the leaves) 
is required, at least in grape and rose (Kinet, 1993). 
Shade can differentially affect male and female flower production in species 
with unisexual flowers. Shade increases catkin initiation in walnut (Ryugo et al., 
1985), but reduces pollen production in pines (Kramer and Kozlowski,  1979). In 
Pinus sylvestris, female cone initiation requires full sun, whereas male cones can form 
in considerable shade (Matthews, 1963). 12 
Whether light intensity and temperature interact to affect flower bud formation 
in trees seems unclear. In a number of conifers and angiospermous forest trees, more 
flower buds are reportedly initiated in warm summers e.g. Larix, Picea, Fagus, Pinus 
(Matthews, 1963; Pharis et al., 1989). The possible involvement of light quality 
(particularly far red wavelengths) in studies with natural shade is another complicating 
factor. 
The mode of action of light intensity in flower bud formation has received 
little study and remains undetermined. In most experiments, flower bud formation is 
rated by counting flowers in different treatments, providing  no insight as to which 
step(s) in the process are being inhibited. Reversion of inflorescences to vegetative 
growth can occur if light intensity is too low after floral initiation (Kinet, 1993). 
Sedgley (1985) reported that floral primordia were initiated year-round in a native 
Australian acacia, but that development did not progress past a very early stage in 
30% full sun. 
Pinpointing the stage of flower bud formation inhibited by shade is of 
scientific importance, but for horticultural purposes, such considerations are 
secondary to identifying how much shade can be tolerated, and when, without 
adversely affecting reproductive potential. Shade studies have established threshold 
light levels and critical periods for flower bud formation in apple, peach and kiwifruit 
(Jackson and Palmer, 1977b; Marini and Sowers, 1990; Fabbri et al., 1992; Snelgar 
et al., 1992). In peach, subsequent exposure to full sunlight cannot counteract the 
detrimental effect of early-season shading (Marini and Sowers, 1990). 13 
Unlike photoperiod, light intensity is amenable to manipulation in orchards, 
with such management tools as pruning, training, and tree size control.  Such cultural 
practices have markedly increased the yield and quality of many fruit crops over the 
past two decades. Details on the timing and nature of canopy management practices 
can be found in any modern pomology textbook or treatise devoted to fruit 
production. 
2.2. POLLEN AND OVULE DEVELOPMENT 
2.2.1. Microsporogenesis 
The following discussion of microsporogenesis in typical angiosperms has been 
drawn largely from the comprehensive reviews of Stanley and Linskens  (1974) and 
Sedgley and Griffm (1989). 
Young anthers contain archesporial cells that differentiate into the parietal cell 
layer, which gives rise to the cells of the anther wall and  tapetum, or sporogenous 
cells, which become pollen mother cells (microsporocytes). Meiosis in the anther is 
reviewed by Dickinson (1987). The plasmodesmata between the tapetum and 
microsporocytes are blocked with callose (B-1-+3 glucan) in the earliest stages of 
meiotic prophase. Those between the microsporocytes may enlarge to form 
"cytomictic channels," which are speculated to play a role in synchronizing meiosis. 
The product of meiosis is a tetrad of haploid, uninucleate microspores, each 
surrounded by a thin callose wall, all held within the microsporocyte.  The 14 
microsporocyte cell wall disintegrates under the action of enzymes secreted by the 
tapetum, releasing the microspores. The uninucleate microspores enlarge and
 
vacuolate, and pollen grain wall formation begins.
 
The tapetum is crucial to pollen development. Frequently a single cell layer, 
it functions in pollen nutrition, pollen wall formation, and the synthesis ofnumerous 
substances (including recognition molecules) investing the pollen grain wall  (see 
reviews by Chapman (1987) and Wiermann and Gubatz (1992)). During 
microsporogenesis, the tapetum evolves from undifferentiated parenchyma to "visibly 
ergastoplasmic" (highly active metabolically) tissue (Chapman, 1987),  becoming 
polyploid or multinucleate, with a proliferation of ribosomes. A periplasmodial 
(amoeboid) tapetum is found in some species of the Compositae (Dickinson and 
Bonner, 1989), larch, poplar, and citrus (Sedgley and Griffm, 1989), but more often 
it is secretory. Abnormalities in the tapetum have been associated with genic and 
cytoplasmic male sterility (Sawhney et al., 1989). 
The pollen grain wall, the most complex known among higher plants, consists 
of three domains that differ in origin, composition, morphology and physiology: the 
intine, exine and pollen coat (Wiermann and Gubatz, 1992). The shape, wall 
sculpturing and stickiness of pollen grains are characteristic of a species, and hinge on 
pollen grain wall formation. The pollen grain wall and its formation are reviewed by 
Stanley and Linskens, 1974; Knox, 1984; Knox et al., 1986; Chapman,  1987; 
Hes lop-Harrison, 1987; Wiermann and Gubatz, 1992. The information below has 
been summarized mainly from these sources. 15 
The exine is laid down by the tapetum (i.e. is of sporophytic origin) on a 
microfibrillar pattern guide (primexine) produced by the microspore before tetrad 
dispersal (Stanley and Linskens, 1974; Chapman, 1987; McCormick, 1993). Parts of 
the exine are labelled in Fig. 2.2. The nexine and sexine differ in staining reaction 
and chemical resistance (Wiermann and Gubatz, 1992). Tecta are not always present. 
The exine is made of sporopollenin, a highly resistant, complex substance 
believed to be formed by the oxidative polymerization of carotenoids  and their esters, 
but resembling lignin in phenolic content and cytochemical reactivity (Knox et al., 
1986). The exine is rigid, and often ornately patterned and sculptured. Sporopollenin 
orbicules (Ubisch bodies) accumulate in tapetal cells and are released when the tapetal 
cell wall disintegrates. Micropores sometimes present in the exine are large enough 
to allow passage of macromolecules to and from the arcades. 
Intine formation follows. The intine is of gametophytic origin (i.e. it is 
secreted by the microspore).  It is structurally and chemically related to plant primary 
cell walls, and contains discrete protein bodies of gametophytic origin (Hes lop-
Harrison, 1987). The intine is composed of three layers:  an inner callosic, middle 
cellulosic and outer pectic layer (Pierson and Cresti, 1992). 
Pollen is then sealed with a tapetum-derived pollen coat. Proteins, 
glycoproteins, carbohydrates, lipids, terpenoids and phenolics, pigments, and volatile 
compounds are all found in this layer. The pollen coat includes tryphine and the 
pollenkitt. Tryphine is stored on the surface and in the interbacular arcades of the 
sexine (Chapman, 1987). This poorly characterized "tapetal debris" contains proteins 
of sporophytic origin, including recognition molecules important in self­16 
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Fig. 2.2. Diagrammatic representation of the parts of a tectate pollen grain wall in 
cross-section. 
incompatibility, and other substances that come from accretion of the disintegrating 
tapetum. The pollenkitt envelopes the sexine.  It is an oily, viscous, adhesive, 
pigmented substance containing small amounts of protein. The pollenkitt is reduced 
or absent in many anemophilous species (Dickinson and Bonner, 1989; Sedgley and 
Griffm, 1989). The coat may help pollen stick to vectors and/or stigmas. 
Most pollen grains have up to six germination apertures, visible as slits or 
pores in the exine. Apertures are absent in poplar and certain tropical monocots like 
banana and ginger (Knox et al., 1986). Intine deposition begins at the aperture sites 
(McCormick, 1993). The exine is thin, absent, or represented by  an operculum (lid) 
at the apertures. The aperture may be subtended by an oncus (plural onci) or 
ZwischenkOrper, a lens-Shaped body formed by the thickening of the outer pectic 
layer of the intine at the aperture (Hes lop-Harrison, 1987). The aperture sites may 
contain some proteins and enzymes of sporophytic origin. Onci control hydration rate 17 
and aperture opening at pollen germination. The pectins of the onci gel and swell to 
cast off or rupture the operculum. 
Hes lop-Harrison and Hes lop-Harrison (1991) studied the germination apertures 
of hazelnut in detail. They found that the apertures contained an unusual feature: an 
outer proteinaceous zone, continuous with the interbacular voids of the nexine and 
probably sporophytic in origin. During germination in vitro, the protein disperses and 
the oncus dissolves with the emission of a cloud of gelatinous pectin, through which 
the pollen tube tip emerges. The possible relation of these observations to 
sporophytic self-incompatibility in this species remains to be seen. 
Some time after vacuolation and exine formation, the microspore undergoes  an 
unequal mitosis to form the vegetative cell (tube cell) and the generative cell, which is 
enclosed entirely within the vegetative cell cytoplasm. The generative cell  divides 
again to form two sperm cells. This latter division occurs when the pollen tube is 
growing down the style for species with bicellular (binucleate) pollen, and before 
anthesis for those with tricellular (trinucleate) pollen. All gymnosperms and some 
70% of angiosperms have binucleate pollen, including "all  phylogenetically primitive 
taxa" (Mascarenhas, 1993). The 30% that are trinucleate include the families 
Cruciferae, Compositae, Gramineae, and Caryophyllaceae (Knox et al., 1986). 
The two sperm nuclei are enclosed in double membranes within the vegetative 
cell's cytoplasm. The sperm nuclei are small, hyaline and spindle-shaped (Stanley 
and Linskens, 1974). The sperm nuclei are joined to each other, and one of them is 
joined to the vegetative cell's nuclear envelope, making up the "male germ unit." By 
counting organelles in serial sections, Russell and Cass (1983) determined that one of 18 
the sperm nuclei of Plumbago zeylanica gets nearly all of the plastids, and the other 
gets most of the mitochondria. The mitochondria-rich one is the one attached to the 
vegetative cell nucleus, and the plastid-rich one fuses preferentially with the egg. 
Sperm dimorphism has been reported in Brassica, spinach and others, but is not 
universal (Mascarenhas, 1990; Russell, 1993). 
After the pollen coating is fmished, progressive dehydration of the anther 
locules and pollen grains begins (Dickinson and Bonner, 1989). At anthesis, pollen is 
in a quiescent, partially dehydrated state. Grains may appear collapsed. A water 
content of 15-35% is common (cited by Knox (1984)). Dehydration reduces the mass 
and metabolic activity of the pollen. 
The pollen grain is a compact potential dynamo of growth.  Its cytoplasm is 
teeming with ribosomes, plastids, mitochondria, stacks of endoplasmic reticulum, 
pollen tube wall precursors, and storage bodies of various types (Pierson and Cresti, 
1992). Pollen also contains large stores of rRNA and tRNA that were synthesized in 
the uninucleate microspore stage (Mascarenhas, 1990). The pollen cannot or does not 
transcribe the genes for rRNA and tRNA in subsequent developmental stages, a fact 
which is of considerable importance in gametophytic self-incompatibility.  In addition, 
pollen contains some 20,000-24,000 different presynthesized mRNAs  in three 
abundance classes: > 25,000 copies, a few thousand copies, or a few hundred copies 
per grain (ibid). For comparison, 5-10 copies of an "abundant" mRNA are present in 
shoot cells. Large amounts of mRNA suggest that the pollen can rapidly synthesize a 
lot of protein. Only 10-20% of these mRNAs are pollen-specific. 19 
The pollen grain's respiration rate is low at anthesis and increases during 
hydration on the stigma. Binucleate and trinucleate pollen, seem to represent 
"tortoise" and "hare" strategies. The respiration rate of trinucleate pollen is about 3-4 
times as high as that of binucleate pollen, and its membranes and mitochondria are 
still well-formed at anthesis (Hes lop-Harrison, 1987). Trinucleate pollen "hits the 
ground running" some species can germinate within three minutes of landing on the 
stigma. Binucleate pollen takes longer to germinate (Knox (1984) cites  15-75 
minutes) because it must first reorganize its cytoplasm and membranes.  However, it 
is longer-lived and less vulnerable to desiccation than trinucleate pollen. 
Corylus avellana pollen weighs about 9 ng per grain and is  24 /AM in 
diameter on average (cited in Stanley and Linskens, 1974). The size range for pollen 
in general is 3-300 ttra (Sedgley and Griffm, 1989). Hazelnut pollen contains the 
high amounts of tapetum-derived quercetin and kaempferol glycosides  characteristic of 
the Betulaceae. Wall-localized flavonol glycosides make up 2-4% of the dry weight 
of hazelnut pollen (Wiermann and Vieth, 1983). 
2.2.2. Megasporogenesis 
Megasporogenesis was reviewed by Sedgley and Griffm (1989) and Reiser and 
Fischer (1993), from which the following description is largely drawn. 
The stigma, style and ovary comprise the angiosperm pistil (megasporophyll). 
Within the ovary, ovules form. They are attached to the ovary by the funiculus at the 20 
placenta, which forms where the margins of the carpel(s) meet. The stigma and style 
are also derived from carpel margins (Sedgley and Griffin, 1989). 
The ovule consists of the funiculus, nucellus and integuments (see Fig. 2.3). 
Two integuments are typical, but some species (e.g. hazelnut) have only one. They 
are initiated at the base of the nucellus and enlarge and overgrow it. The integuments 
terminate at the micropyle, the site where the pollen tube will enter the ovule.  At 
maturity, the integuments form the seed testa. Most ovules rotate 180° during 
development and end up in the anatropous orientation (Fig. 2.3). The nucellus 
nourishes the embryo sac. 
One nucellar cell differentiates into the megasporocyte (megaspore mother 
cell), and becomes surrounded by callose. Meiosis results in four haploid 
megaspores, the most chalazal of which develops into the megagametophyte; the 
others disintegrate. Three rounds of mitosis produce the eight nuclei of the embryo 
sac (megagametophyte). "Extremely rapid" cellularization follows (Russell, 1993). 
At maturity, three antipodal cells occupy the chalazal end of the embryo sac. 
No specific purpose is known for them. The other five nuclei, which function 
directly in reproduction, comprise the "female germ unit" (ibid). Two synergids lie 
at the micropylar end of the embryo sac, one of which will receive the incoming 
pollen tube. Elaborate fmgerlike cell-wall ingrowths (the "filiform apparatus") form 
at their micropylar end. A few angiosperms lack synergids and the filiform apparatus 
forms at the micropylar end of the egg (ibid). Slightly chalazal to the synergids lies 
the egg, a metabolically quiescent cell with a large vacuole. The egg and synergids 
are separated by a partial or no cell wall. The other two "polar" nuclei occupy the 21 
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Fig. 2.3. An angiosperm ovule in the anatropous orientation. 
center of the embryo sac. They fuse before or after fertilization and will eventually 
give rise to the triploid endosperm. 
The embryo sac is mature at pollination in most plants, but not in several tree 
species examined, including pear and almond (Herrero, 1983; Pimienta and Polito, 
1983). In almond, ovule differentiation seems to be stimulated by compatible 
pollination. In hazelnut, neither ovary nor ovule is present at bloom, and none will 
develop without pollination (Thompson, 1979a). 
2.3. EVENTS DURING NORMAL (COMPATIBLE) POLLINATION 
This section describes the route and outlines events in a normal (compatible) 
pollination, highlighting any known differences between woody and herbaceous 22 
plants. The information has been drawn from reviews wherever possible, including 
the following major sources: Hes lop-Harrison et al., 1975; Knox, 1984; Knox et al., 
1986; Hes lop-Harrison; Sedgley and Griffin, 1989; Pierson and Cresti, 1992; Russell, 
1992. 
2.3.1. Path of the pollen tube 
Pollen grains alight on the stigma, a specially adapted receptive tissue of the 
pistil. The stigma consists of a number of modified, glandular epidermal cells called 
papillae. Papillar shape varies from elongated and fingerlike to barely raised or 
bullate; they can be unicellular or multicellular. Cells of the stigma display features 
characteristic of secretory cells, being rich in endoplasmic reticulum and Golgi 
bodies, and sometimes having transfer cell-like wall ingrowths. O'Neill et al. (1988) 
reported that Brassica campestris papillae contained six times the DNA of underlying 
stigmatic-zone cells, implying that they may be polyploid or multinucleate, like tapetal 
cells. 
Stigmas are usually classified as "wet" or "dry," according to whether they 
bear a copious fluid exudate or an adhesive proteinaceous pellicle, respectively.  The 
pellicle is an extracuticular coating, continuous over the papillae, and may contain 
droplets of lipid (Hes lop-Harrison et al., 1975). The secretions of "wet" stigmas are 
either lipophilic (containing lipid, carbohydrate and protein, such as the "liquid 
cuticle" of petunia) or mucilaginous (containing an emulsion of proteins, 
carbohydrates, and polyphenols, with droplets of lipid e.g. rose, lily, citrus). The 23 
papillae of wet stigmas may stand free of an interstitial pool of secretions, or be 
inundated by it, depending on the species (ibid). The fluid secretions of wet stigmas 
lie under the cuticle, or the actual cuticle may be absent, or dissolved in the fluid. 
Both dry and fluid exudates are secreted by the papillae. 
Stigma types tend to be conserved within botanical families. Dry stigmas are 
characteristic of the Gramineae, Brassicaceae, Compositae, Caryophyllaceae, and 
Malvaceae. Wet stigmas are found in many families, including Rosaceae, 
Leguminosae, Solanaceae, Liliaceae, Ericaceae, Umbelliferae, Ranunculaceae, and 
Onagraceae (ibid). Exudates are hypothesized to protect the stigma from microbes 
and desiccation, aid in pollen adhesion and hydration,  or attract pollinators (Knox, 
1984). 
Hes lop-Harrison et al. (1975) detected stigma surface proteins in all of the 
more than 80 angiosperm families they surveyed. Some of the proteins are enzymes, 
including esterase and phosphatases, while others are unidentified. Intense pellicle­
located esterase activity was found in all dry-stigma families studied.  In gladiolus and 
crocus, esterase activity is present only during the period of receptivity, and only in 
receptive cells of the stigma (Knox, 1984). 
Pollen tubes grow along precise routes to the ovule, within specialized tissues 
of the pistil. The pollen tube must first traverse the style. Three general style types 
are found: open, a mucilage-lined canal, characteristic of many monocots and also 
rhododendrons, kiwifruit and walnut; dosed, containing a central "transmitting tract" 
surrounded by a ring of cortical cells, found in many dicots; semi-closed, an 
intermediate form characteristic of certain families, such as Cactaceae (Knox, 1984). 24 
The transmitting tract is composed of longitudinal files of very active cells 
secreting an exudate (the "intercellular matrix"), which may differ from that found on 
the stigma. The intercellular matrix contains a species-dependent assortment of 
compounds: sugars, amino acids, peptides, phenolics, terpenes, fatty acids, lipids, 
glycolipids, polysaccharides, enzymes, glycoproteins, lipoproteins, proteoglycans, 
arabinogalactans (Knox, 1984; Sanders and Lord, 1992). In lily, exudate production 
proceeds basipetally during development (Janson, 1992). 
Pollen tubes grow intercellularly through the style, guided largely by 
mechanical stimuli (thigmotropic growth). The idea that calcium gradients guide the 
pollen tube has been discredited for some time (Hes lop-Harrison,  1987). Although 
grafting experiments demonstrate that pollen tubes can grow in either direction 
through the style, in vivo they are oriented toward the ovary at entry. Following the 
tract of secretion-bearing cells is the easiest and sometimes the only path for the 
pollen tube, notes Hes lop-Harrison (1987), but he does not rule out the possibility of 
localized or transient signaling. 
Pollen tubes in vitro never grow as long or as fast as they do in vivo, and they 
tend to wander and make erratic or abrupt turns. These observations have historically 
been attributed to the lack of some nutrient provided by the stylar matrix. That the 
style nourishes pollen tubes is indisputable: the pollen grain's reserves are insufficient 
to carry it to the ovary, and labelled sugars from the stylar matrix of lily are 
incorporated into the pollen tube wall (Knox, 1984; Hes lop-Harrison,  1987). 
Sanders and Lord (1992) have challenged the idea that the stylar matrix acts 
solely in a passive role as a "nutrient conduit." They found that inert beads were 25 
translocated to the ovary at the same rate, along exactly the same route, and in 
numbers typical for pollen tubes of each of three different species. The species 
chosen represented all three style types (open, closed, semi-closed). The beads 
moved only on cells with secretions, and some even entered the micropyle. 
Movement was negligible at developmental stages not supporting pollen tube growth 
(Sanders and Lord, 1989). The authors proposed that the stylar matrix actively 
participates in pollen tube extension, perhaps by a mechanism similar to that found in 
animal cell migration during embryogenesis. Details on this intriguing discovery and 
a tentative model for the "contact-stimulated guidance" are discussed more fully by 
Sanders and Lord (1992). 
Pollen tubes progress from the style to the inner surface of the ovary 
(placenta) and thence to the ovule. In at least some species, secretion-bearing cells 
are found along the placenta within the ovary and right up to the micropyle,  so that 
the pollen tube is constantly bathed in secretions en route (Hes lop-Harrison, 1987; 
Janson, 1992). 
Chalazogamy (penetration of the ovule at the chalazal end) occurs in some 
woody species (e.g. alder, birch, mango, pistachio, pecan and early flowers of 
walnut), and is associated with branched pollen tubes (Sedgley and Griffm,  1989; 
Luza and Polito, 1991). Porogamy (ovule penetration at the micropylar end) is more 
common, and mesogamy (penetration through the side) is occasionally found (Russell, 
1992). The pollen tube always penetrates the embryo sac at the micropylar end, 
however. 26 
Pollen thus must germinate, penetrate the stigma, and then pass through the 
style, ovary, ovule and embryo sac before fertilization can occur. This series of pre-
fertilization events comprises the "progamic phase" (Knox et al., 1986). The 
sequential contact points all have scope for male-female communication, and rejection 
of unsuitable (e.g. interspecific or incompatible) pollen is possible at any step. 
2.3.2. Pollen adhesion, hydration. germination and penetration 
The pollen coat is sticky, but initial adhesion may also involve electrostatic 
forces, and may or may not be reversible (Gaude and Dumas, 1987). Specific 
attachments may form later via proteins or lectins. 
The pollen absorbs moisture from the stigma during hydration. At very high 
relative humidity, some moisture may also be absorbed from the atmosphere (Ferrari 
et al., 1983). Hes lop-Harrison et al. (1975) observed discontinuities in the cuticle at 
papillar tips on dry stigmas, and proposed that water passes through the interstices 
when the papillae are turgid. Microchannels in papillar cell walls may perform a 
similar function (Roberts et al., 1984a). Inhibitor studies suggest that the stigma 
regulates pollen hydration by some process that requires protein synthesis,  at least in 
Brassica; hydration is faster in the presence of the inhibitors (Sarker et al., 1988). 
Pollen apertures also regulate water flow into the grain, as sporopollenin is virtually 
impermeable to water (Hes lop-Harrison, 1987). Hydration can be measured as a 
change in the grain's shape or volume, or by NMR (Knox et al., 1986). 27 
During hydration, various components of the pollen coating and pollen grain 
wall leak onto the stigma surface, first from the exine, then the intine.  While 
membranes are re-forming, solutes may escape from the protoplast as well (Hes lop-
Harrison, 1987). Diffusible substances include proteins, glycoproteins, 
carbohydrates, lectins, and a variety of cell wall-degrading enzymes (Knox, 1984). 
Recognition factors important in incompatibility are also believed to be emitted at this 
time. Pollen wall proteins bind to the stigma, forming a visible "meniscus" between 
the exine and the pellicle of dry stigmas (Hes lop-Harrison et al., 1975). This process 
occurs within as little as 20 seconds in grasses, or 2-4 minutes in crucifers (ibid). 
Pollen membranes are reconstituted, polysomes aggregate, the cytoplasm reorganizes, 
enzymes are activated, and organelles resume functioning. 
When sufficient turgor builds up, a pollen tube emerges from one of the 
apertures (the pollen "germinates"). The pollen tube is continuous with the inner 
callosic layer of the intine, and it emerges in "a halo of dispersing pectins and 
proteins" (Hes lop-Harrison, 1987). Steps up to and including protrusion of the pollen 
tube tip (just a loose web of pectic microfibrils at this stage) do not require a viable 
protoplast. 
Successful penetration demands the physical and chemical integrity of the 
pellicle.  If it is damaged by enzymatic digestion, or treatment with detergents or 
concanavalin A, no pollen will germinate i.e. the stigma loses receptivity (Shivanna et 
al., 1978; Kerhoas et al., 1983). Rinsing the stigma with water and air-drying it 
causes a lengthy but reversible loss of receptivity in Brassica; raising the humidity 
allows pollen to germinate on the unreceptive stigma, but the pollen tubes coil, fail to 28 
penetrate and induce massive deposits of callose in the papillae (Zuberi and 
Dickinson, 1985). 
The time required for germination depends on the speed of hydration and 
whether pollen is bi- or trinucleate. Trinucleate pollen (e.g. grasses) requires little or 
no membrane reconstitution, and contains an abundance of preformed cell wall 
precursors. Grass pollen germinates in as little as 90 seconds (Hes lop-Harrison, 
1987). In contrast, tomato pollen (binucleate) requires 45 minutes in vitro or 3.5 
hours in vivo (Knox, 1984), and sweet gum needs 18 hours (Schmitt and Perry, 
1984). 
Penetration of the stigma follows. In species with dry stigmas, the pollen 
must rupture the cuticle.  Cutinases or esterase are believed to be secreted at the 
pollen tube tip for this purpose (Hes lop-Harrison, 1987). In "wet"-stigma species, 
the pollen tube enters the stigmatic secretions and then dissolves the middle lamella 
enzymatically (Richards, 1986). Sometimes surface proteins of the female are also 
required for penetration (Hes lop-Harrison, 1987). The pollen tube grows 
intercellularly, usually penetrating between adjacent papillae, and also grows 
intercellularly in the style. 
2.3.3 Pollen tube growth 
Treating pollen with cycloheximide or actinomycin D does not prevent 
germination or early pollen tube growth, indicating that protein and RNA synthesis 
are not immediately required (Mascarenhas, 1993). Both drugs inhibit later pollen 29 
tube growth, however. No new rRNA or tRNA is made, a point of critical 
importance to gametophytic self-incompatibility in the Solanaceae. 
Much is known about pollen tube growth from studies on Liliaceae, Gramineae 
and Solanaceae. The subject was excellently reviewed by Heslop-Harrison (1987), 
from which this description is largely drawn, unless otherwise noted. 
The chemistry of the pollen tube wall has been studied via cytochemical stains 
and wall hydrolysates.  It consists of three layers. The outermost contains pectic 
microfibrils, high in arabinose and of obscure chemistry. The middle layer is 
cellulosic, but the cellulose is a bit different from normal and contains some 13(1-3) 
linkages. The inner lining is made of callose, a 13(1-03) glucan whose exact structure 
is disputed. Some hemicelluloses and proteins, including glycoproteins and 
hydroxyproline-rich glycoproteins, are also present (Mascarenhas, 1993).  In grasses, 
all three layers are laid down within 10 seconds or so (Hes lop-Harrison, 1987). 
The pollen tube exhibits tip growth; it extends by the deposition of secretory 
vesicles, which fuse and exocytose at the tip to contribute new cell wall material and 
plasma membrane. Pollen tube extension can be rapid:  rye pollen tubes have been 
clocked at 90 Am per minute (Hes lop-Harrison, 1987), and maize pollen can grow as 
fast as 240 Am per minute (Knox, 1984). 
The cytoplasm of most pollen tubes is normally distinctly zonated.  The apical 
zone is bustling with vesicles that travel to the tip and secrete wall material. In the 
subapical zone are found most of the organelles, such as mitochondria, endoplasmic 
reticulum, and dictyosomes releasing vesicles. Farther back are the vegetative cell 
nucleus and the generative cell nucleus (or two sperm nuclei). Finally in the vacuolar 30 
zone, callose plugs form. Cal lose plugs (sometimes with pectic inclusions)  are 
deposited at regular intervals. They seal the cell contents off from the spent grain 
and older parts of the pollen tube. Plugs are believed to be important for maintaining 
turgor, since the pollen's cell volume does not increase significantly during growth. 
The protoplast thus moves distally down the pollen tube, cut off by a series of callose 
partitions. Zonation, cyclosis, cell wall formation and pollen tube growth are partly 
regulated by variations in cytosolic free calcium concentration (Pierson and Cresti, 
1992). 
Pollen tube growth is affected by turgor, calcium concentration, and the 
incorporation of precursors, among other variables. The process must be delicately 
balanced, because the wall at the tip is fragile, vulnerable either to bursting or wall 
thickening by accretion of precursor bodies (Hes lop-Harrison, 1987).  Disturbances 
such as these are observed in some self-incompatibility systems. 
At some point the nuclei enter the pollen tube, seemingly in chance order 
(Pierson and Cresti, 1992). In species with binucleate pollen, the generative nucleus 
divides as it progresses down the pollen tube. 
Mulcahy and Mulcahy (1983) reported that in vivo pollen growth was biphasic 
in binucleate pollen. Phase I growth is apparently autotrophic (depends on pollen 
grain reserves). Phase II growth is faster, characterized by periodic callose plug 
formation, and is heterotrophic (depends on the stylar matrix). The switch to Phase II 
growth occurs in the upper style, a fact of significance to certain self-incompatibility 
systems. Trinucleate pollen showed only one growth phase that resembled phase II. 31 
2.3.4. Fertilization 
One of the synergids in the embryo sac will receive the pollen tube.  It 
degenerates before or as the pollen tube arrives (depending on species).  In cotton, 
this degeneration seems to be triggered by gibberellins (Jensen et al., 1983), but 
whether this is a general phenomenon is uncertain. Secretions from the  synergid 
purportedly attract pollen tubes, but the stimulus for entering the synergid is 
unidentified (Russell, 1992). In peach and elm, pollen tubes stop at the micropyle 
and appear to become disoriented, sometimes wandering away (Ager and Guries, 
1982; Herrero, 1992). 
The synergid vacuole contains huge amounts of calcium, up to 50% of its dry 
weight (see Russell, 1993). The pollen tube bursts in the synergid (possibly because 
of the high calcium concentration, water potential differences, lytic factors or other 
reasons), and the empty tube is sealed off with a callose plug. The cytoplasmic 
connections between sperm nuclei and with the vegetative nucleus  are severed at 
discharge, and the plasma membrane of the vegetative cell is removed (ibid). 
When sperms are dimorphic, the plastid-rich one fuses preferentially with the 
egg. Plastid inheritance is maternal in most angiosperms (exceptions: alfalfa and 
some Daucus species), but the mechanism of plastid elimination is uncertain. The 
other sperm nucleus fuses with the central cell nucleus to form what will become the 
endosperm. 
The pollination-to-fertilization interval is 1-48 hours for "most plants," states 
Mascarenhas (1990). Richards (1986) notes that it can be as short as 15-45 minutes. 32 
In woody plants, time to fertilization is usually a few days, but a number of cases of 
significant delay are known e.g. 0.5-20 months in most gymnosperms, 13 months in 
Quercus velutina (Sedgley and Griffm, 1989). Other reported cases include certain 
orchids (such as Cymbidium), Ginkgo, some species of Populus, Citrus,  Myrica and 
witch hazel (Willson and Burley, 1983; Knox, 1984). Delayed fertilization may be 
characteristic of the Betulaceae: it occurs in hazelnut (5 months), and some species of 
alder (90 days) and birch (28 days) (Dowding, 1987). 
In many woody angiosperms, pollen tube growth to the base of the style is 
rapid, but then a delay ensues. In peach, the pollen tubes cannot get past a 
protuberance in the placenta called the obturator until 12 days after anthesis, when the 
obturator develops fully and produces a secretion (Herrero, 1992). Immature embryo 
sacs cause the delay in sweet gum, oak, ash, beech, poplar, pear and almond (Sedgley 
and Griffin, 1989). This list continues to grow as more woody plants are studied. 
2.4. SELF-INCOMPATIBILITY 
2.4.1 Occurrence and importance 
In many plant species, cross-pollination is enforced by the presence of a 
physiological mechanism preventing self-fertilization. Though  both pollen and ovules 
are viable, self-fertilization is blocked by selective inhibition of self pollen grains in 
the pistil. Such plants are said to be self-incompatible. The genetic locus responsible 
for SI has been dubbed the S-gene (for self-incompatibility). 33 
The term is generally restricted to pre-zygotic barriers.  Post-zygotic 
mechanisms (abortion of self-fertilized zygotes or embryos) are difficult to distinguish 
from the inheritance of homozygous recessive lethal mutations.  Self-incompatibility 
(SI) also excludes interspecific fertilization barriers. 
SI acts by suppressing normal pollen function (Pettitt et al., 1989). The 
development of incompatible pollen may be arrested at any one of various points: 
pollen adhesion, hydration, germination, penetration of the stigma, growth down the 
style, or penetration of the ovule or embryo sac. The interaction is always between 
the male gametophyte and the female sporophyte, not the gametes (Knox et al., 
1986). The result is always the same: failure of fertilization.  If SI is efficient, 
female fertility is not compromised by the "waste" otherwise incurred in aborting self-
fertilized ovules (Hes lop-Harrison, 1975). Cal lose deposition is a common feature of 
SI. 
SI is limited to the angiosperms for the simple reason that it requires a closed 
carpel. The evolution of the style and stigma were essential prerequisites to the 
evolution of SI. Among angiosperms, SI is widespread, occurring in about 100 of 
300 angiosperm families representing over half of plant species (Gaude and Dumas, 
1987; Hinata et al., 1993). The wide taxonomic distribution of SI indicates that its 
origin is probably ancient (de Nettancourt, 1977). 
SI is believed to be one reason for the evolutionary success of the 
angiosperms, their rapid expansion during the Cretaceous period, and their current 
dominance in world flora (de Nettancourt, 1984; Dickinson et al., 1992). SI is 
unfamiliar to many people because it is absent in many common cultivated plants 34 
(prominent exceptions are many orchard and plantation crops). People deliberately or 
inadvertently selected for self-compatibility during the domestication of these species, 
but most of them have self-incompatible wild relatives or progenitors. 
SI first became a problem in mid-nineteenth century England, with the planting 
of single-variety orchards (Lewis, 1979). Self-compatible orchard trees are desirable 
because bees do a lot of self-pollination. Such pollinations are incompatible in self-
incompatible species. Management is also easier without pollinizers, because trees 
bloom and fruits ripen at the same time. SI may be a nuisance in tree fruits but has 
been used to advantage in F1 hybrid production in cole crops (ibis). Inbred lines and 
a method of propagating them are still required, however. In ornamentals, SI can be 
beneficial, reducing seed production and prolonging flowering. 
The major impetus for understanding SI thus comes from its practical 
importance in plant breeding and agriculture. However, it is also of interest to 
taxonomists, physiologists, pollen biologists and those interested in the study of 
tissue-specific or developmental gene expression,  or cell-cell communication and 
recognition phenomena in plants. Like animal cell-cell recognition  systems (e.g. 
major histoincompatibility complex, immune responses to microbes), SI seems to 
depend on sophisticated biochemical signaling between cell surface components 
(Dickinson, 1990). Unlike the animal examples, SI involves acceptance of invasion 
by "foreign" cells and rejection of "self." Pollen and pistil interact on a cell-to-cell 
basis: the rejection of one pollen grain does not affect adjacent compatible grains, nor 
surrounding tissue in the pistil. Also unlike the animal examples, the reaction occurs 
between two walled cells. 35 
SI has fascinated scientists from the time of Darwin. After Mendel's work 
was re-discovered, the genetic basis of the different forms of SI was eventually 
deduced. Scientists described various aspects of pollen-pistil interactions in vivo and 
in vitro, but physiological understanding of the phenomenon languished at this stage 
for a hundred years, until the advent of modern molecular biological tools. Beginning 
with immunological and electrophoretic methods in the 1970s, advances in scientific 
knowledge about SI became increasingly rapid. One outcome of the research is a 
deeper appreciation for the complexity of SI. Although we have much left to learn, 
exploration of SI has already yielded intriguing information. 
2.4.2. Homomorphic self-incompatibility 
"Homomorphic" SI simply means that all flowers in the population are 
morphologically identical. This situation is by far the usual case. For information on 
heteromorphic SI, consult the comprehensive monographs by de Nettancourt (1977) 
and Barrett (1992). Homomorphic SI is governed by the action of an S-locus. 
Gametophytic and sporophytic SI are divisions based on the timing of S-gene 
expression in the male parent of the mating. 
2.4.2.1. Gametophytic self-incompatibility 
In gametophytic self-incompatibility (GSI), the S-allele carried by the 
individual pollen grain determines its compatibility.  If the pollen grain's S-allele 
matches either of those in the [diploid] pistil, the mating is incompatible and 36 
fertilization is blocked. Rejection may occur anywhere from the stigma to the embryo 
sac, but most commonly happens in the style.  Incompatible pollen often germinates 
normally and penetrates the stigma, only to be inhibited partway down the style. 
Swollen pollen tube tips occluded with callose and bursting pollen tubes are common 
signs of rejection.  Inhibition is therefore irreversible. 
GSI is the most widespread form of SI in plants, occurring in both monocots 
and dicots. Families Solanaceae, Leguminosae, Onagraceae, Papaveraceae, Rosaceae, 
Rubiaceae, Bromeliaceae, Liliaceae, Commelinaceae and Gramineae all have 
members showing GSI (Anderson et al., 1989a). 
The genetic basis for GSI was elucidated by East and Mangelsdorf in 1925 for 
Nicotiana sanderae (cited in de Nettancourt, 1977). In its typical form, GSI is 
determined by a single, multiallelic S-locus. All plants with GSI are heterozygous at 
the S-locus.  S-alleles are always codominant in the pistil (they must be so, or half of 
the plant's own pollen would be compatible on its pistil).  Pollen of an S-heterozygote 
will be a mixture of grains carrying one allele or the other. A cross can therefore be 
fully compatible (e.g. S,S2 9 x S3S4 d), semi-compatible (e.g. S1S2 9 x S1S3 6), or 
incompatible (e.g. S1S2 9 x S1S2 d) (Fig. 2.4). In semi-compatible crosses, half the 
pollen will grow normally (namely all the grains bearing S3 in the example given), 
and half will be rejected. 
The GSI system requires a minimum of three alleles, but large numbers of S-
alleles are typical: Dickinson (1990) cites 60-80 for Papaver, and 150-250 known 
alleles for Trifolium.  S-alleles undergo frequency-dependent selection, which 
encourages the co-existence of many alleles, each tending toward an equal frequency A.  e. 
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Fig. 2.4. Examples of (a) fully compatible (b) semi-compatible and (c) incompatible coatings in a plant with gametophytic 
self-incompatibility. 38 
of 1/n, where n=the number of alleles in the population (Richards,  1986). The 
efficiency of GSI in encouraging outcrossing increases as the number of S-alleles 
increases, because few random cross-pollinations are then incompatible (de 
Nettancourt, 1977). GSI is highly effective for preventing self-pollination, but sib-
mating is still possible (or in the case of perennials, which are rarely considered in 
theoretical discussions, parent-offspring matings). 
In a few cases, GSI is determined by more than one gene. A prominent 
example is the grass family. GSI in grasses is governed by two unlinked genes, 
designated the S and Z genes. Only incoming pollen that matches both the S and Z 
alleles of the pistil is incompatible. Most random pollinations are compatible. 
Researchers think that gene duplication may have led to the 2-locus system in grasses 
(de Nettancourt, 1977). A few "primitive" dicots have 3- or 4-locus control of GSI 
(de Nettancourt, 1977; Richards, 1986). Richards (1986) remarks that evidence for 
3- or 4-locus control is slender and debated. 
Nearly every review written on SI repeats that the occurrence of GSI in a plant 
is correlated with binucleate pollen, arrest of incompatible pollen in the style, callose 
deposition in incompatible pollen, and wet stigmas. This generalization is sometimes 
useful, but see the next section for important caveats. 
2.4.2.2. Sporophytic self-incompatibility 
Sporophytic self-incompatibility (SSI) is genetically and physiologically more 
complicated than GSI. In SSI, the pollen grains show the S-phenotype of the pollen 39 
parent (i.e. the sporophyte). For example, if the pollen parent is S2S3, and S3 is 
dominant (active), all the pollen will express S3, regardless of the S-allele actually 
carried in the pollen grain's own haploid genome. All pollen from a given plant thus 
acts alike (no semi-compatible matings). 
A mating is incompatible when the S-allele expressed by the pollen matches 
the allele(s) expressed by the pistil.  Germination and/or penetration of the stigma is 
blocked in incompatible pollen. Cal lose characteristically occludes both the pollen 
and the papilla it contacts. Callose deposition is fast--within 15 minutes in Cosmos 
(cited by Knox, 1984). SSI occurs in Brassicaceae, Asteraceae, Caryophyllaceae, 
Convolvulaceae, Sterculiaceae, and in Corylus of the Betulaceae (Charlesworth, 
1988). 
SSI was poorly understood until Bateman (1954) deduced the genetic control of 
SSI in the crucifer Iberis. Most often, a single, multiallelic locus controls SSI.  Most 
plants in the population are heterozygous at the S-locus. Sporophytic control of 5­
expression in the pollen means that interactions may occur between alleles in 
heterozygous combination, including simple dominance, codominance, interaction or 
mutual weakening (where neither allele is fully active) (ibid). Alleles can also show 
dominance (or other interactions) in the pistil, and the dominance hierarchy may be 
different for pollen and pistil.  (The latter is not common; reversal of dominance in 
the sexes can lead to self-fertilization (Knox et al., 1986).) The most common 
situation is thankfully somewhat simpler: alleles are codominant in the pistil and 
dominant or codominant in the pollen. 40 
Dominance among alleles can lead to S-homozygotes and reciprocal differences 
in incompatibility. These phenomena are never observed in GSI or heteromorphic SI. 
S-homozygotes are possible with recessive alleles. They become less common as the 
number of alleles in the population increases. Reciprocal differences (a cross 
compatible in one direction but incompatible in the other) can sometimes occur when 
two plants share an allele. An example from hazelnut is shown in Fig. 2.5. 
SSI can theoretically operate with as few as two alleles, but large numbers of 
alleles are usual. Dickinson (1990) notes that over 60 are known for Brassica 
oleracea to date. At equilibrium, the frequency of alleles in a population would be 
very uneven, with dominant alleles being rare, and recessive ones common (Richards, 
1986). A random cross has a greater chance of being incompatible with SSI than 
with GSI, but SSI provides greater control of sib-mating and parent-offspring mating 
(ibid). Codominance further reduces sib-mating (Lewis, 1979). The  more alleles 
available, the greater the efficiency, because most random cross-pollinations are then 
compatible. 
SSI is correlated with the incidence of trinucleate pollen, dry stigmas, 
stigmatic inhibition of incompatible pollen, and callose buildup in both partners. As 
noted above, GSI is correlated with different characteristics. These generalizations 
hold true for many plant families, and perhaps reflect a functional relationship. 
Hes lop-Harrison et al. (1975) aptly observed that interaction between a single papilla 
and pollen grain is more feasible on a dry stigma than a wet one, where signal 
molecules would rapidly diffuse to surrounding cells in the pool of secretions. 
However, as more plants are studied, the list of exceptions to these correlations 41 
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Fig. 2.5. An example of reciprocal differences in compatibility from hazelnut. 
`Willamette' pollen (all expressing S3) is compatible on 'Ennis' stigmas, but `Ennis' 
pollen (all expressing S1) is incompatible on `Willamette' stigmas. Substances from 
the pollen parent plant that are deposited in the pollen grain wall are believed to be 
responsible for recognition. These substances are symbolized by the shading around 
the pollen grain walls.  In SSI, the S-genotype of the haploid pollen grain is irrelevant 
to the compatibility of the mating. 
continues to grow. Exceptions include: the entire grass family (GSI) shows 
trinucleate pollen, dry stigmas and stigmatic arrest of pollen; Papaver rhoeas, 
Tradescantia and Oenothera (GSI) show stigmatic inhibition of incompatible pollen, 
and Papaver also has a dry stigma; hazelnut (SSI) has binucleate pollen (de 
Nettancourt, 1977; Heslop-Harrison et al., 1986; Franklin-Tong et al., 1992). Many 42 
wind-pollinated species seem to have dry stigmas. No exceptions to the callose "rule" 
have so far been reported. In summary, a species should not be designated as having 
GSI or SSI based on pollen-stigma observations alone, without genetic studies to 
confirm the designation. 
2.4.2.3. Other forms of homomorphic self-incompatibility 
Botanists continue to discover plants that do not fit neatly into our artificial 
classifications of SI. Barrett (1988) and Seavey and Bawa (1986) provide interesting 
discussions on the matter. 
In "late-acting" SI, rejection occurs in the ovary, ovule or embryo sac before 
fertilization. For example, in Theobroma cacao (cocoa), germination and pollen tube 
growth rate of incompatible pollen are unaffected; incompatible sperm nuclei are 
released into the embryo sac, but do not fuse with the female gametes (Knight and 
Rogers, 1955). In Acacia retinodes, incompatible pollen tubes  grow at the same rate 
as compatible ones, but are arrested in the nucellus (Kenrick et al., 1986). 
Late-acting SI has long been considered a rare anomaly, but this may be a bias 
caused by studying only herbaceous annuals. All known examples are perennials, and 
many are tropical and/or woody plants (Kenrick et al., 1986; Seavey and Bawa, 1986; 
Barrett, 1988). Technological and conceptual barriers also hamper exploration 
(Seavey and Bawa, 1986). Obtaining good evidence for late-acting SI is  histologically 
cumbersome, and the phenomenon seems maladaptive because in most cases the 
ovules are "wasted." 43 
Post-zygotic mechanisms are frequently dismissed as indications of inbreeding 
depression or homozygous lethal recessives.  Preferential abortion of self-pollinated 
fruits occurs in such species as avocado, pecan, rhododendron, and others  (Sparks and 
Madden, 1985; Seavey and Bawa, 1986; Degani et al., 1989). Seavey and Bawa 
(1986) point out that inbreeding depression is distinguishable from an active maternal 
rejection in some cases. For instance, inbreeding depression is an unlikely 
explanation if a high proportion of the population shows zero or near zero seed set 
after self-pollination, if self-fertilized embryos are always rejected at the same 
developmental stage in various individuals, or if embryos can be rescued. Examples: 
in Liquidambar (sweet gum), self-fertilized embryos are always aborted at the 
proembryo stage before cellularization of the endosperm (Schmitt and Perry, 1964). 
In Ipomoea batatas, self-fertilized seeds are aborted in vivo, but rescued embryos 
develop normally (Charles et al., 1974). 
Sometimes plants can self-fertilize, but self-pollen tubes grow much more 
slowly, for undetermined reasons.  Barrett (1988) calls this "cryptic SI." 
Some of these cases have historically been designated as late-acting, 
"primitive" or anomalous cases of GSI. What little genetic data exist on these species 
point to differences from previously described forms of SI. For example, polygenic 
control is characteristic (Seavey and Bawa, 1986). Whether these phenomena 
constitute SI is a matter of debate. Seavey and Bawa (1986) hypothesize that such 
mechanisms may be manifestations of mate selection, or provide a way for the 
maternal plant to screen for the most vigorous embryos. If excess ovules are 
produced, the loss in fecundity is not large. 44 
Rapid advances in this area of research are unlikely. Most scientists do not 
like to work on perennial and/or woody species because they make difficult 
experimental subjects, and external rewards for studying them are few. 
2.4.3. Theoretical framework 
The avoidance of inbreeding is presumed to be the major impetus for the 
evolution of SI. The heterozygosity that ensues provides the individual plant with the 
advantages of heterosis (hybrid vigor), and the population with greater capacity to 
respond to selection.  If inbreeding is a disadvantage, selective removal of inbreds 
benefits both the female parent and the population as a whole (Willson and Burley, 
1983). Abortion of zygotes from self-pollination is one option. To the extent that 
incompatible pollen clogs the stigma, uses nutritive resources in the style or pre-empts 
ovules, a pre-fertilization device would reduce interference with compatible pollen and 
avoid "wasting" resources on the incompatible (ibid). 
Why do self-compatible plants exist? Self-compatibility is  an advantage 
whenever mate availability is rare or unpredictable, if the population is small or the 
environment marginal, for propagation of well-adapted genotypes and for fertility 
"insurance" (de Nettancourt, 1977; Wilson and Burley, 1983). Colonizers, 
opportunistic species and annuals are examples. Even in self-incompatible 
populations, outcrossing has practical limits: the plant's nearest neighbors are most 
likely to be relatives. Often SI is not absolute, so inbreeding and outcrossing are 
dynamically balanced. 45 
There is limited consensus that GSI is more primitive than SSI. The evidence 
is mostly circumstantial (Richards, 1986). GSI is much more widespread, and occurs 
in most of the "primitive" monocot and dicot orders. SSI seems more efficient than 
GSI (stigmatic arrest precludes use of stylar reserves  or blockage of the style by 
incompatible tubes). Because of its perceived efficiency and taxonomic distribution, a 
longstanding but perhaps unfounded "tacit assumption" is that SSI is derived from 
GSI, notes Dickinson (1990). The difference between SSI and GSI could arise from 
the timing of S-gene expression in the male organs: before or after the reduction 
division in meiosis, respectively (Brewbaker, 1957). 
Scientists have analyzed the fossil and taxonomic evidence and arrived at the 
following opinions: SI is ancestral to self-compatibility; self-compatibility is ancestral 
to SI; SI arose early or several times in evolution; SI arose late in the evolution of 
families because closely related families such as Solanaceae and Convolvulaceae do 
not share the same kind of SI; the S-gene is an ancient conserved locus and different 
systems of SI are variations of it; SI arose independently many times and the systems 
probably differ in mode of action; SI arose from mechanisms of interspecific 
incompatibility; SSI arose from GSI; GSI arose from SSI; SSI arose from self-
compatibility; SSI arose more than once (de Nettancourt, 1977; Lewis,  1979; 
Charlesworth, 1985; Richards, 1986; Barrett, 1988; Pettitt et al., 1989; Newbigin et 
al., 1993; Matton et al., 1994). 
Clearly, no one knows the evolutionary relationship among SI systems. My 
working hypothesis for this thesis is that of Bateman (1952), who opined that SI 46 
probably arose de novo many times, and likely all workable systems will be 
encountered in nature, and in all stages of development. 
Two established theories explain the nature of SI (de Nettancourt, 1977).  The 
"complementary" hypothesis proposes that the pistil either promotes the growth of 
compatible pollen, or denies access to nutritive reserves or needed stimuli to 
incompatible pollen. The "oppositional" hypothesis proposes that incompatible pollen 
is actively rejected. Experimental evidence supports the oppositional model in many 
cases. For example, semi-compatible pollination in GSI is difficult to explain with 
the complementary hypothesis (Lewis, 1979).  Papillar callose probably wouldn't 
form in SSI if the incompatible pollen was merely inert (de Nettancourt, 1977).  A 
newer, third idea, the heterosis model, postulates that slow pollen tube growth in 
incompatible matings is due not to opposition, but to deleterious recessives unmasked 
by the haploid condition (Mulcahy and Mulcahy (1983), as cited in Barrett (1988)). 
Barrett (1988) observes that the heterosis model could explain what he calls  "cryptic" 
SI. 
Proposals about the mode of recognition and inhibition in SI have been greatly 
influenced by the "hot" research topics of the times. They include antibody-antigen 
recognition, enzyme-substrate reactions, absence of stimulatory proteins, lectin-sugar 
or lectin-glycoprotein binding, and formation of a dimer repressor (de Nettancourt, 
1977; Knox et al., 1986). The large number of alleles in most SI systems precludes 
simple enzyme-cofactor reactions (Hes lop-Harrison, 1975).  Commenting on the large 
number of alleles in plants such as Tnfolium, Dickinson (1990) wrote, "It is difficult 
to conceive a mechanism by which one partner could 'recognise' up to 200 other 47 
potential partners."  In my opinion however, the plant has to recognize no more than 
two alleles: its own.  It is important to remember that recognition and rejection are 
separate events, may occur in different parts of the pistil, and different molecules  (and 
genes) may accomplish them. 
An idea that has profoundly shaped thinking on SI is Lewis' (1960) proposal 
of the "tripartite locus" (as cited in de Nettancourt, 1977).  Conventional breeding has 
never separated pollen and pistil S-gene functions i.e. a single gene seems to be acting 
in both tissues, and recombinants do not occur. Despite decades of effort and diligent 
searching, mutagens have never produced a single new allele or a change from one 
known allele to another (de Nettancourt, 1984). However, mutations can knock out 
S-gene function in one sex, or both. Lewis hypothesized that the S-locus consisted of 
a "stylar part," "pollen part," and "recognition part." A "stylar part" mutation makes 
the pistil compatible to all pollen, and a "pollen part" mutation makes the pollen 
compatible on self pistils. A mutation in the "recognition part"  would generate a new 
allele, in theory, which would be expressed in both sexes, or SI would be lost. 
An updated view of the tripartite locus might be a single transcriptional unit 
with alternative, tissue-specific promoters, or alternative splicing. This model could 
readily explain the mutations to self-compatibility just noted.  Molecular biological 
evidence has all but ruled out this simple scenario, however.  Interestingly, when self-
incompatible plants are forced to inbreed for several generations, new alleles 
spontaneously appear at a rather high frequency, raising the possibility that "silent 
copies" of other alleles reside in the genome (de Nettancourt, 1977). 48 
Singh and Kao (1992) discuss the tripartite locus theory in detail, and present 
their views (which differ from mine) on possible molecular organization ofthat locus 
in GSI. 
2.4.4. Physiology of self- incompatibility 
2.4.4.1. Pollen-stigma interactions in SSI 
Although some species are self-incompatible throughout bloom, others acquire 
SI shortly before the flower opens. Brassica flowers reliably acquire SI one day 
before anthesis. This knowledge enables scientists to obtain S-homozygotes by 
prematurely pollinating the flowers at the bud stage (bud pollination). 
The mystery of how a haploid pollen grain can display the S-phenotype of its 
parent was solved by Hes lop-Harrison et al. (1974). They documented the transfer of 
tapetal proteins to interbacular cavities in the exine in Iberis during 
microsporogenesis, and demonstrated that these proteins  were responsible for rejection 
of incompatible pollen grains. Isolated exine proteins, tryphine, or tapetal fragments 
could also induce the papillar callose symptomatic of rejection, but only with 
incompatible combinations (Dickinson and Lewis, 1973b; Hes lop-Harrison et al., 
1974). If incompatible pollen grains are smeared with compatible pollen grain 
coatings, they germinate like compatible pollen, but do not penetrate the stigma, and 
still elicit papillar callose (Roberts and Dickinson, 1981). 49 
Assuming the same modus operandi in other species, recognition must be on 
the stigma with SSI, because this is as far as the sporophytic (tapetal) proteins go 
(Hes lop-Harrison, 1975). In Brassica, the stigma is the sole barrier to incompatible 
pollen. Incompatible pollen tubes grow as fast as compatible ones in the style 
(Ockendon and Gates, 1975). 
Adhesion, hydration, germination and penetration all take place on the stigma. 
The stage at which incompatible pollen is blocked depends on species, S-allele and 
environmental conditions. For example, strong alleles in Brassica inhibit hydration 
and germination, while weak ones permit much germination of incompatible pollen. 
At high relative humidity, pollen hydrates and germinates even in the presence of 
strong alleles.  In no case does stigmatic penetration occur. Kanno and Hinata (1969) 
demonstrated that self pollen tubes may penetrate as far as the papillar cuticle, but do 
not enter the cell wall. Incompatible pollen tubes coil and "snake" around the 
papillae (Nakanishi and Sawano, 1989). 
Incompatible pollen grains often show impaired adhesion to the stigma 
(Roberts and Dickinson, 1981; Ferrari et al., 1985). They are less firmly bound for 
the first two hours in Brassica oleracea (Stead et al., 1979).  The significance of 
impaired adhesion is unclear since one self-compatible line tested  showed a similar 
reaction to all pollen grains (ibid). The frequency of this observation nevertheless 
suggests that recognition of incompatible pollen is very fast. 
Pollen hydration normally requires the cooperation of the stigma. Hydration 
and even germination can occur at high relative humidity (96-99%) in crucifers, but 
penetration is still blocked (Kroh, 1966; Ferrari et al., 1985). Water does not pass 50 
between pollen grains  Videomicroscopy showed that if compatible and incompatible 
grains are attached to the same papilla, the compatible one hydrates much faster 
(Sarker et al., 1988). 
If a mature stigma is treated with cycloheximide via the transpiration stream, 
the inhibition to hydration is overcome, but the water uptake is abnormally rapid 
(ibid). These fmdings suggest a need for continued synthesis of some kind of stigma 
protein to regulate water transfer.  Treating the stigma with tunicamycin (which 
inhibits glycoprotein glycosylation) permits hydration and overcomes SI, implying that 
the glycan moiety is not needed for hydration, but is needed for SI.  Inhibitor studies 
should be interpreted with caution, though. Proteins lacking their glycans may be 
degraded in the secretory pathway, and tunicamycin may prevent transport of 
unglycosylated polypeptides (Chrispeels, 1991). Perhaps the tunicamycin prevented 
the S-protein from reaching its normal extracellular location. 
An active biostatic mechanism inhibits pollen in SSI. Pollen transferred to a 
compatible stigma within 4 hours will germinate readily (Singh et al., 1989). If 
stigmas take up cycloheximide after self-pollination, hydration and pollen tube growth 
begin, even if the pollen has been inactive for the previous 24 hours (Sarker et al., 
1988). In Raphanus, over 60% of incompatible grains are prevented from 
germinating without any visible ultrastructural changes taking place (Dickinson and 
Lewis, 1973a). 
Examination of pellicle protein metabolism with inhibitors and radiotracers 
indicates that continued synthesis of S-proteins in the stigma is required to block 
germination and growth of incompatible pollen, that the stigma may "recycle" S­51 
proteins, and that stigma proteins do not enter pollen grains (Roberts et al., 1984a, 
1984b). 
Incompatible pollen that succeeds in germinating is arrested at the penetration 
step. How this occurs is uncertain. At localized points of contact with incompatible 
pollen grains, papillae form callose lenticules within 2-6 hours (Pettitt et al., 1989). 
The timing of papillar callose shows that it is secondary, and not a part of the 
recognition event (Shivanna et al., 1978). 
One might think that the callose forms a barrier to incompatible pollen tube 
penetration. O'Neill et al. (1984) reported that a CO2 treatment that overcame SI also 
prevented the formation of papillar callose. However, Nakanishi and Sawano (1989) 
were unable to confirm the earlier findings. In their study, CO2 overcame SI, but 
papillar callose production proceeded normally, and the incompatible tubes simply 
grew away from the callose while penetrating the papillae.  In fact, higher 
atmospheric CO2 concentrations (10-20%) induced extensive papillar callose.  The 
idea of callose as a barrier was further quashed by Singh and Paolillo (1990). They 
pretreated stigmas of B. oleracea with 2-deoxy-D-glucose, an inhibitor of callose 
synthesis. This substance abolished papillar callose, but incompatible pollen was still 
inhibited, while compatible pollen grew normally. Although callose seems to be a 
normal part of the rejection response, it is clearly not essential to the operation of SI 
in this species. 
Few female-on-male bioassays have been attempted with SSI.  Trinucleate 
pollen is notoriously difficult to culture in vitro.  In addition, such bioassays cannot 
claim to duplicate conditions in vivo where the system is essentially dry, note Elleman 52 
et al. (1989). Ferrari and Wallace (1975) claimed that a heat-labile compound 
released from Brassica stigmas selectively inhibited self pollen growing in a defined 
liquid medium. However, the compound had to be added within a few minutes of 
starting the culture. 
The above studies all used plants of the Brassicaceae.  Studies on other plants 
with SSI are few, but support observations from crucifers.  In Cosmos bipinnatus, 
incompatible pollen is arrested on the stigma surface, lenticules of callose appear in 
papillae, and extracts of incompatible pollen can induce such callose (Howlett et al., 
1975). In Zinnia, incompatible pollen fails to germinate, or produces short, twisted 
or bulbous tubes that do not penetrate the stigma (Boyle and Stimart, 1986a, 1986b). 
Cal lose is produced in both partners.  Impaired adhesion and failure to germinate also 
occur in Cichorium (chicory) (Coppens d'Eeckenbrugge, 1986). Observations on 
pollen-stigma interactions in hazelnut conflict in some respects, but investigators agree 
that incompatible pollen is arrested on the stigma (Thompson, 1979b; Me and 
Radicati, 1983; Hes lop-Harrison et al., 1986). 
Physiological studies provide tantalizing hints, but no concrete information on 
the mode of action of SSI. A rapid inhibition on the surface occurs in all studied 
instances of SSI. Because only the incompatible pollen in a mix is halted, the 
reaction seems localized between individual pollen grains and papillae. 53 
2.4.4.2. Pollen-pistil interactions in GSI 
Unlike SSI, pollen rejection in GSI cannot be localized to a particular pistillar 
cell.  Instead, it involves "progressive dislocation of the metabolism of the 
incompatible tube" (Hes lop-Harrison et al., 1975), without interfering with adjacent 
compatible pollen tubes in the style. 
The ease of culturing binucleate pollen has encouraged the development of 
numerous bioassays involving pistil extracts. One impediment to interpretation is that 
in GSI, incompatible pollen germination and tube growth in vivo appear normal in 
early stages. Sometimes incompatible tubes are merely retarded, rather than actually 
stopped. A major problem then arises because pollen tubes in vitro are always 
shorter and slower than in vivo e.g. pollen tube length is frequently  10% or less of 
the length in situ (Singh and Kao, 1992). Negative results are likewise difficult to 
interpret because of the difficulty of knowing whether the putative "active ingredient" 
is present, intact, and at physiological concentration. The specificity of pistil extracts 
is often inconsistent (Hinata et al., 1993). 
A typical rejection response in the Solanaceae involves retardation of pollen 
tube growth at some point in the transmitting tract. The stigma is "neutral" i.e. the 
timing and percentage of germination and pollen tube growth rates on the stigma are 
alike for compatible and incompatible pollen (Herrero and Dickinson, 1980). Both 
accelerate on entering the transmitting tract, but compatible tubes reach a higher 
terminal velocity (ibid). 54 
In the style, affected pollen tubes show concentric rings of rough endoplasmic 
reticulum, lose zonation and accumulate numerous unidentified particles at the tip (de 
Nettancourt, 1977; Richards, 1986; Pettitt et al., 1989; Newbigin et al., 1993).  Next 
the inner callose wall of the pollen tube disappears, and the outer wall thickens. The 
tube may then swell or burst. The cytoplasm of affected tubes frequently contains 
excess callose. Concentric rough endoplasmic reticulum is hypothesized to signify  a 
problem with protein synthesis, interesting in view of the recently discovered 
enzymatic function of the S-gene product in this family (McClure et al., 1989). Wall 
irregularities and bursting may indicate interference with pollen tube synthesis, wall 
extensibility, or turgor. Most incompatible tubes are arrested in the upper part of the 
style (Herrero and Dickinson, 1980). This is the point where pollen tubes are 
believed to switch from autotrophic to heterotrophic growth. Arrest occurs after 7-8 
hours of normal growth, slower than in SSI (Nasrallah and Nasrallah,  1989). 
Generative cell division does not proceed in incompatible tubes (Singh and Kao, 
1992). 
Because molecular biological understanding of GSI in the Solanaceae  is 
advanced, bioassays in these plants have been conducted with purified stylar 5­
proteins. Comment on these bioassays is therefore deferred to Section 4.5.2. 
The large styles of Lilium longiflorum (Easter lily) have attracted many 
researchers bent on bioassays. Their findings conflict. In this species, compatible 
and incompatible pollen tube growth rates are the same for the first 12 hours. (The 
stigma is "neutral.") Compatible tubes then outpace the incompatible, reaching the 55 
ovary by 72 hours, while incompatible tubes languish only one-third of the way down 
the style (Ichimura and Yamamoto, 1992b). 
Dickinson et al. (1982) reported that a crude stylar protein extract inhibited 
pollen tube growth in pregerminated incompatible but not compatible pollen. A 
glycoprotein was one active component of the extract. Mucilage from the lower but 
not the upper style caused self-pollen rejection (Lawson and Dickinson (1975), as 
cited by Knox et al. (1986)). 
The idea of active rejection in L. longiflorum is disputed by a group of 
researchers from Japan, who believe that incompatible pollen tubes slow down from a 
simple inability to stimulate sufficient stylar exudate to meet their nutritional needs. 
This idea would fit with the "complementary" model of SI.  SI in L. longiflorum 
decreases as flowers age, and carbohydrates in the stylar exudate simultaneously 
increase (Ichimura and Yamamoto, 1992a). Growth of incompatible tubes was 
strikingly promoted by injection of additional canal exudate into self-pollinated styles 
(ibid). The growth enhancement was proportional to the amount or concentration of 
exudate supplied. One protein also decreased with age as SI diminished; the 
investigators do not think it is important, however (Ichimura and Yamamoto,  1992a). 
Resolution of this issue will be interesting. 
Papaver rhoeas L. (poppy) flowers consist of a "dry" stigma directly atop the 
ovary (i.e. no style). The stigma consists of rays. Pollen tubes penetrate papillae 
intracellularly and travel along the ray to the transmitting tract (Franklin-Tong et al., 
1992). Incompatible pollen is usually arrested before pollen tube emergence. Cal lose 
is deposited in the pollen grains. Tubes that do emerge are short, distorted, and 56 
heavily callosed at the tip.  Franklin-Tong et al. (1988) developed a bioassay using 
stigma extracts on wicks placed on solid media, and scoring pollen tube length of 
compatible, incompatible, and semi-compatible pollen. The group successfully used 
this bioassay to purify pistil S-proteins and eventually to clone the S-gene from poppy 
(Foote et al., 1994). 
As noted earlier, grasses have trinucleate pollen, and a two-locus GSI system 
wherein incompatible pollen is arrested on the stigma. Pollen-stigma interactions in 
grasses were mentioned briefly in several recent reviews. Recognition can occur 
within 2 minutes in grasses (Gaude and Dumas, 1987). Hydration and germination 
are alike for compatible and incompatible pollen (Pettitt et al., 1989). Inhibition 
occurs within 30 seconds of pollen tube emergence in Seca le, when the emerging tube 
touches a papilla or the cuticle (Richards, 1986; Gaude and Dimas, 1987). The 
pollen tube accumulates pectin and the tip becomes occluded, but does  not burst. 
Cal lose deposition in the pollen tube follows secondarily. No callose forms in 
papillae. 
From these few examples, it is obvious that the physiological manifestations of 
GSI are diverse. Knowledge of the molecular mechanisms behind GSI is in its 
infancy, but already the facts point toward differences among botanical families. 
Couldn't the same be true for SSI? 57 
2.4.5. Molecular biology of self-incompatibility 
2.4.5.1. Molecular biology of SSI 
2.4.5,1.1. Products of the S-locus in the pistil 
Molecular work on SSI is limited to crucifers.  Early investigators had few 
clues to guide them in their quest for products of the S-locus. Although more was 
learned about male-female interactions later, early workers knew only that 
incompatible tubes were arrested on the surface of the stigma. Failure of germination 
or penetration and callose deposition in both partners followed. The large number of 
alleles within a species made simple molecules less likely than macromolecules to be 
the S-products. These macromolecules must be present in pollen grains and on the 
stigmatic surface. The macromolecules for each allele had to be recognizably 
different in some respect for SSI to function, but similar enough to perform their 
biological task. Proteins could fill this role. 
Candidates for products of S-locus alleles were expected to fulfill several 
criteria: they should segregate with the S-allele in controlled crosses; they should 
occur only in the appropriate tissues and be extracellularly located; their appearance 
should coincide with the time of acquisition of SI in the stigma; they should 
demonstrate pollen-inhibitory activity in vitro or in bioassays (Gaude and Dumas, 
1987). Alleles should show differences of some kind. 58 
S-products (now known to be glycoproteins) were first detected by 
immunological and electrophoretic methods. Nasrallah and Wallace (1967) observed 
heat-labile, S-allele-specific antigens in stigmas of Brassica oleracea. Nishio and 
Hinata (1978) detected unique, allele-specific Brassica proteins on native IEF gels. 
The proteins segregated with the S-gene in crosses, were found only in stigmas (not 
ovaries or styles), and were glycoproteins. Scientists now realize that these two 
techniques were successful only because the S-proteins in Brassica are very abundant 
in the stigma, and are separable from most other cell proteins due to their unusually 
high isoelectric point (pI). 
Investigators later purified and characterized these proteins (Nishio and Hinata, 
1982; Isogai et al., 1987). Brassica S-proteins (now called SLSGs, for _S- -locus 
specific glycoproteins) are basic glycoproteins of 55-65 KDa (Nasrallah et al., 1991). 
Most SLSGs have a pI of 7.0-9.0, but a few lie up to 2 units outside this range 
(Nasrallah and Nasrallah, 1984; Hinata et al., 1993). The proteins have always 
segregated perfectly with their known S-genotype. Their appearance in the stigma 
coincides with the acquisition of SI 1-2 days before anthesis (Nasrallah and Nasrallah, 
1984). Each allelic protein migrates as a single band on IEF gels, but as a cluster of 
bands on SDS-PAGE (ibid). Deglycosylation eliminates the size heterogeneity within 
and among alleles (Isogai et al., 1987; Umbach et al., 1990). This means that the 
polypeptides of all alleles have the same molecular weight, but alleles vary in the 
number of glycan chains, and multiple "glycoforms" occur within a given allele. The 
glycoforms may arise from different post-translational processing  or be processing 
intermediates. 59 
The rate of SLSG synthesis peaks one day before anthesis, and the papillae are 
the site of synthesis (Nasrallah et al., 1985a). SLSG is abundant, comprising about 6­
10% of the total soluble stigma protein in allele S6. Stigmas acquire the ability to 
inhibit self pollen coincidentally with the accumulation of SLSG. 
A partial cDNA for SLG was first cloned by Nasrallah et al. (1985b), based on 
the remarkable abundance of S6-SLSG. (Note: By convention, Brassica S-proteins are 
known as SLSGs; nucleotide sequences are called SLG LS-locus glycoprotein].)  A 
cDNA library from mature stigmas was differentially screened with leaf, seedling, 
and mature-stigma cDNAs to "subtract" non-stigma-specific sequences. To verify 
that the putative SLG obtained actually coded for SLSG, they cloned the cDNA into 
an expression vector to make a fusion protein, and saw that this protein cross-reacted 
with the antibody to SLSG6 on western blots. The partial cDNA was later used as a 
probe to clone cDNAs for two other alleles of B. oleracea (Nasrallah et al., 1987). 
Meanwhile, Takayama et al. (1987) obtained the peptide sequence for three different 
SLSGs in B. campestris. 
The SLG cDNA codes for a protein of about 435 amino acids, including a 
hydrophobic 31-amino acid N-terminal signal peptide, consistent with secretion, and 
approximately 405 amino acids in the mature protein (Nasrallah et al., 1987; 
Takayama et al., 1987). Takayama et al. (1987) identified 9 potential glycosylation 
sites, not all of which were occupied. Twelve cysteine residues occurred in all alleles 
in the same location and arrangement. Eleven of these are now known to be invariant 
among alleles, and may participate in intra- or intermolecular bonding (Nasrallah and 
Nasrallah, 1989). 60 
In situ hybridization disclosed that SLG mRNA was detectable only in mature 
papillae, not in papillae at the [self-compatible] bud stage, nor any other tissues of the 
pistil (Nasrallah et al., 1988). Immunogold labelling confirmed that SLSG follows 
the conventional secretory pathway, starting in the rough endoplasmic reticulum, 
moving to the Golgi apparatus, and then travelling by vesicle to the plasma 
membrane, where it is secreted and accumulates in the papillar cell wall, precisely the 
location where pollen tubes are arrested (Kandasamy et al., 1989). 
Nasrallah et al. (1985b) noted RFLPs among genotypes. They correlated 
perfectly with the segregation of S-alleles in controlled crosses. At low stringency, 
other bands appeared in the genomic DNA blots, pointing to the possibility that SLG 
was just one member of a multigene family. This notion was later confirmed. 
The basis of allelic specificity is still unsettled. The amino acid sequence of 
SLSGs has been divided into three regions: residues 1-181 are relatively conserved, 
with approximately 80% conserved positions among alleles; residues 182-268 (the 
"hypervariable" region), with 42% conservation; and the carboxy-terminal  region, 
with the eleven invariant cysteines and about 78% conserved positions (Nasrallah and 
Nasrallah, 1989). The hypervariable region is hydrophilic and may be exposed. 
Alleles also differ by many small, scattered substitutions, deletions and additions, 
some of which affect N-glycosylation sites. The oligosaccharide chains have the same 
composition on all alleles (Takayama et al., 1986), but their number and arrangement 
differ (Trick and Heizmann, 1992). Allelic specificity could therefore reside in the 
unique array of glycan chains, the hypervariable region, scattered other changes, or 
some combination of these. One or two point mutations probably will not cause a 61 
change in allelic specificity, another reason for the failure of mutagens to produce 
new alleles. Trick and Heizmann (1992) observe that there is not yet enough data to 
show how much the amino acid sequence differs within an allele to make good 
judgments about differences between alleles. 
The SLSGs have fulfilled all the initial correlative requirements for S-locus 
products, except for activity. No enzymatic function is yet known for SLSGs.  In 
their initial report on amino acid sequences of SLSGs, Takayama et al. (1987) noted 
that SLSG had no close matches on gene databases. The cysteine-rich region had 
some homology with a family of animal epidermal growth factors, but the significance 
was unclear. 
It was soon to become clear. When Walker and Zhang (1990) cloned a cDNA 
from maize roots encoding a putative serine/threonine receptor kinase, they checked 
the data base for similar genes. The extracellular domain of the putative kinase (not 
the catalytic domain) had similarities to SLG. Shortly,  a second gene was found to 
reside at the Brassica S-locus. 
Stein et al. (1991) cloned the S-receptor kinase (SRK)  genes from two 
genotypes of B. oleracea. The SRK gene encodes a protein of about 855 amino acids 
with a predicted molecular weight of 98 kDa (ibid). SRK has seven exons. Exon 1, 
encoding the extracellular domain, bears striking homology (> 90%) to the 
corresponding SLG for that genotype, and probably evolves in unison with it.  This 
so-called "S-domain" contains the usual signal peptide, precise arrangement of 
cysteine residues, glycosylation sites, and all other pertinent features of SLSG. Exon 
2 encodes a membrane-spanning helix, and exons 3-7 encode juxtamembrane, kinase 62 
catalytic and C-terminal domains. SRK transcripts are found in the pistil, but are 
140-180 times less abundant there than SLG transcripts. The homology between S2 
and S6 SRK is only 68% at the amino acid level, fairly low for allelic gene products 
with the same catalytic function.  It mirrors the 68% identity between SLG6 and SLG2. 
Later studies demonstrated that SRK was physically linked to SLG at a distance 
no greater than 220-350 kb (Boyes and Nasrallah, 1993). This distance, 
corresponding to < 1 cM, is consistent with the absence of recombination between 
SLG, SRK and S-phenotype. The region between SLG and SRK is highly 
polymorphic, and may contain other genes (ibid). Rather than relying solely on 
sequence homology, Goring and Rothstein (1992) cloned a cDNA for SRK into an 
expression vector, and demonstrated that it encoded a functional kinase with 
phosphorylating activity toward serine and threonine residues, but not tyrosine. 
The near-identity of the extracellular S-domain of SRK and the SLG within a 
genotype strongly suggests that some mechanism (such as gene conversion)  operates 
to keep the two sequences highly alike (Stein et al., 1991).  It further suggests that 
they may interact functionally. 
Functional roles for the two genes are still speculative. SLSG and the S-
domain of the SRK kinase could interact with each other, or compete for binding with 
a ligand from the pollen (ibid). SLSG is abundant and freely mobile in the cell wall, 
whereas the SRK kinase is an integral membrane protein. Perhaps SLSG recruits 
pollen ligands on the stigmatic surface to effect recognition and brings them to the 
SRK protein (Goring and Rothstein, 1992), or is required for signaling across the cell 
wall (Nasrallah and Nasrallah, 1993). The kinase of SRK could then initiate a 63 
cytoplasmic signal transduction cascade, possibly involving such aspects as activation 
of the enzymes involved in callose synthesis, the release of preformed inhibitors, 
changing pollen adhesion-modifying factors, etc. (Nasrallah et al., 1994). 
As yet, no ligand-induced activity has been demonstrated, and no specific 
substrates of the SRK kinase are known (Nasrallah and Nasrallah, 1993). 
Nevertheless, the involvement of a kinase is consistent with the speed of the reaction 
and the localized nature of the rejection response in Brassica (ibid). 
The presence of at least two expressed genes at the S-locus, both involved in 
SI reactions, led Boyes and Nasrallah (1993) to suggest that the term "S-haplotype" is 
more appropriate than "S-allele."  The term is being adopted in current literature on 
SSI in Brassica. 
Nasrallah and Nasrallah (1993) point out several lines of evidence that both 
SLG and SRK are needed for SI. Both are physically present at the S-locus, 
polymorphic among alleles (haplotypes), cannot be separated from incompatibility 
phenotype by recombination, and cannot be separated from each other in RFLP 
analysis. The promoters of both genes are active in reproductive tissues.  SLG and 
exon 1 of SRK are virtually identical in a given phenotype. The requisite 
developmental regulation and tissue-specificity have been established for SLG.  I note 
that SLSG is more abundant and present in the cell wall,  so it may have more 
opportunity to interact with recognition molecules in pollen. A requirement for both 
genes provides a good reason why mutagens never give rise to new alleles (Nasrallah 
et al., 1991). Two further lines of evidence that both genes are needed for SI come 
from transformation experiments and studies of self-compatible mutants. 64 
Neither SLG nor SRK alone can confer SI. B. oleracea plants transformed 
with a different S-allele expressed the new SLSG alongside their own, but became 
self-compatible (Toriyama et al., 1991). Some transformants were self-compatible 
due to a change in pollen ("pollen-part" mutations, in old-fashioned parlance), and 
others due to a change only in the stigma. Some plants displayed a reduction in 
endogenous SLSG synthesis, a case of the poorly understood phenomenon of "sense 
inhibition" that sometimes occurs in transformed plants. (A reduction in SLSG is 
known to cause self-compatibility.) Transformation with SRK alone also does not 
impart SI (Stein et al., 1991). Evidence that SLG and SRK together are sufficient to 
impart SI awaits appropriate transformation experiments. 
Although neither SLG nor SRK is sufficient for SI, mutant analysis  indicates 
that both are necessary for it in Brassica. The mutation need not affect the S-locus 
per se. Many known cases of self-compatibility map to genes unlinked to S. Only a 
few have been analyzed for S-products e.g. a recessive suppressor gene in B. 
campestris loosely linked to the S-locus causes a drastic decrease in SLSG production 
(Nasrallah, 1989). This mutation results in a self-compatible stigma, but does not 
alter pollen incompatibility phenotype. A similar gene in B. oleracea was described 
by Nasrallah (1974). An unlinked gene dubbed SCF1 down-regulates SLG at the 
RNA level, without changing SRK expression in B. campestris (Nasrallah et al., 
1992). The result is low amounts of SLSG protein (similar to bud-stage stigmas) and 
a universally compatible stigma, but unchanged pollen incompatibility phenotype. 
SCF1 is probably a trans-acting factor (regulatory gene) required for the enhancement 
of SLG transcription in papillae at the appropriate developmental stage. 65 
Other mutations cause failure in SRK but not SLG. One mutant analyzed had 
undergone an apparently recent gene conversion event with a 1 by deletion 
immediately downstream (Goring et al., 1993). The resulting frameshift introduces a 
premature stop translation signal at the 3' end of the S-domain, and therefore a 
truncated SRK product. Expression of SLG in this plant was unchanged. The absence 
of receptor kinase activity may thus cause self-compatibility. Nasrallah  et al. (1994) 
investigated two self-compatible "haplotypes." One had entirely normal SLG 
expression, but a "null" copy of SRK (a recent deletion had eliminated the promoter, 
S-domain- and transmembrane domain-coding sequence). The other had a defective 
SRK, which produced no mRNA. Since both plants  were fertile, SRK is evidently 
dispensable for normal pollen development and pollen tube growth in the pistil. 
This fast-advancing area of research continues to yield interesting discoveries. 
Elucidating the functions of SLG and SRK should improve our understanding of SSI in 
Brassica. 
2.4.5.1.2. Basis of allelic dominance 
The molecular basis for the mechanism of dominance in S-alleles is still 
unclear. However, dominance is correlated with certain features of molecular 
structure.  In Brassica, "strong" or Class I alleles are highly self-incompatible, and 
high in the dominance hierarchy, whereas "weak" or Class II alleles tend to be 
"leaky", weakly self-incompatible and pollen-recessive (Nasrallah and Nasrallah, 
1993). The Class I alleles share 90% DNA (80% amino acid) sequence similarity 66 
with each other, but only 70% DNA (65% amino acid) sequence similarity with Class 
II alleles (Dickinson et al., 1992). Noting that allelic sequences in GSI have also 
diverged by about 30%, Chen and Nasrallah (1990) suggested that this figure may be 
close to the physical limit for sequence divergence among alleles of a locus.  (For 
comparison, the major histoincompatibility complex only shows about 15% variability 
within a locus (Lawlor et al. (1988), as cited by Chen and Nasrallah (1990).) 
Because of this sequence divergence, Class II alleles hybridize only weakly to 
Class I probes on DNA blots. Monoclonal antibodies to strong-allele SLSGs do not 
recognize weak-allele SLSGs (Nasrallah and Nasrallah, 1989), indicating that the 
epitope is absent or otherwise unrecognizable to the antibody. 
One pollen-recessive (weak) genotype of B. oleracea (S2) has normal SRK 
transcripts, but two different transcripts from the SLG gene (Tantikanjana et al., 
1993). One of the alternative transcripts is normal, but the other one encodes an 
aberrant membrane-anchored form of SLSG. Sequence comparison suggests that the 
copy of SLG carried by this plant is a truncated version of SRK that probably 
originated in an ancestral duplication and deletion event. The aberrant SLSG may act 
like an abnormal, immobile SLSG, or may interfere with normal SI by acting as a 
truncated S-receptor kinase. Truncated receptors are known to inhibit signaling in 
other systems. The mRNA abundance of SLG is also lower than normal in this 
strain, which may lead to a "leaky" phenotype in the pistil, too. 
Whether other pollen-recessive alleles will prove to have genetic abnormalities 
awaits investigation. 67 
2.4.5.1.3. Male S-products 
The S-allelic determinant of incompatibility in pollen has completely eluded 
researchers for decades, posing a major limitation on the understanding of SI. The 
fact that pollen S-products have proven equally evasive in GSI systems only deepens 
the mystery. Singh and Kao (1992) call this "the quest for the Holy Grail  in self-
incompatibility research." 
The knowledge gap is not due to lack of effort. Early investigations 
established the following: of the ca. 30 pollen proteins distinguishable on IEF gels, 
none segregated with S-allelic differences; antibodies to SLSG bind to a very-low­
abundance pollen protein that is identical among alleles and is not a glycoprotein; 
SLSG is not detectable in male tissues with electrophoretic or immunological 
techniques (cited in reviews Nasrallah and Nasrallah, 1989; Dickinson et al., 1992; 
Hinata et al., 1993). Ferrari et al. (1981) reported that pretreatment of S2S2 pollen 
with S2-SLSG in vitro prevented it from germinating on non-S2 stigmas, or bud-stage 
S2 stigmas. The pretreatment had no effect on S3S3 or S8S8 pollen. No further 
advances on this avenue of research have appeared. 
SLG- and SRK-homologous transcripts are found in anthers at very low levels, 
but the developmental window of expression is very narrow (Nasrallah and Nasrallah, 
1989). Sato et al. (1991) estimated steady-state levels of SLG-homologous mRNAs in 
B. oleracea anthers to be four orders of magnitude less than in stigmas. Six of more 
than 106 microspore cDNAs had SLG-like sequences. Guilluy et al. (1991) used PCR 
to amplify S-homologous transcripts from microspore-stage anthers with primers to 68 
SLG. They obtained weak but reproducible hybridization on dot blots (but not 
northerns) of RNA from young anthers. However, the message was 4 kb, not the 2 
kb normally found in stigmas. Since SLG is intronless, the result cannot be explained 
by alternative splicing. The post-meiotic timing of the transcripts is consistent with 
the hypothesis that the S-gene is expressed in the tapetum (Nasrallah and Nasrallah, 
1989). 
The above two studies should be critically re-evaluated in light  of the 
discovery of SRK. Since the transcripts were SLG-homologous, and the S-domain of 
SRK is > 90% identical to SLG, SRK transcripts can hybridize with SLG probes and 
perhaps can be amplified by SLG primers. In their study of the S2 plant with an 
aberrant, membrane-anchored form of SLSG, Tantikanjana et al. (1993) found both 
the (normal) 1.6 kb and the abnormal 1.8 kb SLG transcripts in anthers at the 
binucleate microspore stage. The normal transcript was more abundant. Since the 
1.8 kb transcript was known to come from SLG, not SRK, SLG expression can be 
unambiguously assigned in this case.  S2 is a pollen-recessive allele.  Proteins were 
not checked. 
SRK mRNA has also been found in anthers at very low levels, peaking at the 
binucleate microspore stage (Stein et al., 1991; Goring and Rothstein,  1992). No 
protein work was done. 
Recently, Doughty et al. (1993) reported that a 7 kDa nonglycoprotein 
(pI=10) from the pollen grain coating binds to SLSG in vitro,  raising the apparent pI 
of SLSG by up to 2 units. The male participant is eluted from gels by normal 
fixation and staining protocols. The significance of these fmdings  is still uncertain. 69 
The 7 kDa protein does not vary among pollens with different S-alleles, and the 
binding reaction also occurs in self-compatible Brassica plants. 
The ongoing inability to locate male S-gene products even with highly sensitive 
modern techniques is leading to re-examination of theoretical assumptions. For 
recognition to occur, one or more pollen components must be invoked (Nasrallah and 
Nasrallah, 1993). A fundamental question is whether S-products are the same in both 
sexes. The longstanding assumption of identical products stems partly from the 
known absence of recombinants between pollen and pistil allelic identity.  Dickinson 
et al. (1992) remark that although some complementarity seems necessary for 
recognition to work with a huge number of alleles, identity of male and female 5­
products now seems unlikely. Anderson et al. (1986) commented on the unlikelihood 
that the male S-product is secreted.  It is more likely membrane-bound or wall-
associated.  It need not be a protein, though any other molecule would presumably 
need to be polymorphic (Nasrallah and Nasrallah, 1993). 
Is the male S-product a nonpolymorphic protein? Is it encoded at the S-locus? 
Is it post-translationally modified? How does it interact with the products of SLG and 
SRK? Thus far, molecular biological tools have answered none of the questions about 
male S-products. Perhaps the hint that other uncharacterized genes lie at the S-locus 
(Boyes and Nasrallah, 1993) will help progress on this particularly vexing problem. 70 
2.4.5.1.4. The S-multigene family and its evolution 
The scenario presented thus far is an oversimplification of SI in Brassica. 
SLG is now known to be one member of a family of some 12 genes in the Brassica 
genome (Nasrallah and Nasrallah, 1989). Some of the related sequences are 
pseudogenes (sequences with insertions or deletions causing frameshifts,  so the gene 
is nonfunctional) (Nasrallah et al., 1988), but others are expressed. One of these  is 
SRK, and two others have been named SLR1 and SLR2 (5-locus related genes). Their 
involvement in SI has not been ruled out, but they have no role in determining allelic 
specificity. Trick and Heizmann (1992) and Hinata et al. (1993) provide good 
summaries of this topic. 
Isogai et al. (1988) were the first to remark upon the presence in stigmas of a 
protein with properties similar to SLSG, but invariant among S-genotypes. SLR1 was 
cloned independently by two groups, both using differential screening (Lalonde et al., 
1989; Trick and Flavell, 1989). SLR1 has many properties in common with SLG e.g. 
it is a single-copy gene; no introns; expressed only in reproductive organs; maximal 
expression in papillae one day before anthesis; allelic polypeptide products are of 
nearly identical molecular weight; several glycoforms for each allele;  signal peptide 
and 11-12 cysteines with same spacing as in SLG and SRK; resides in cell wall and 
follows the same secretory pathway in papillar cells (Lalonde et al., 1989; Trick and 
Flavell, 1989; Umbach et al., 1990). 
Key differences are present. SLR1 is a highly conserved gene, showing 99­
100% identity among genotypes with different S-alleles and very few RFLPs (Lalonde 71 
et al., 1989; Trick, 1990).  It is expressed equally in self-compatible strains and 
species of crucifers (Lalonde et al., 1989; Umbach et at ,  1990; Dwyer et al., 1992). 
SLR1 is unlinked to the S-locus and shares only about 70% nucleotide identity with 
SLG; the protein it encodes differs from that of SLG in pI, N-glycosylation pattern 
and antigenic specificity (Lalonde et al., 1989). 
SLR2 is loosely linked to SLR1 (about 18.5 cM away) and is not linked to the 
S-locus (Boyes et al., 1991). SLR2, isolated by subtractive screening, is also 
expressed in stigmas, but is much less abundant than SLRJ  or SLG. SLR2 expression 
is higher in plants with Class II alleles of SLG than in plants with Class I alleles. 
SLR2 is intronless and shares many other structural features with SLG and SLRJ. 
Alleles of SLR2 are very highly conserved, and show greater  sequence similarity to 
SLG than to SLR1. 
Stigmas therefore contain abundant amounts of SLSG and SLR1 protein, and 
less abundant amounts of SLR2 and SRK proteins. The functions of the SLR gene 
products and their possible relevance to SSI are obscure. Their very high sequence 
conservation suggested to Lalonde et al. (1989) and others that they may have a 
crucial function in pollination events that is intolerant of even minor structural 
changes. This position is hard to reconcile with data from the nil homozygotes 
(Nasrallah et al., 1992). This mutation coordinately downregulates SLG, SLR1 and 
SLR2 at the mRNA level by 5-10 times, and results in a universally compatible 
stigma. Unless the SLR1 and SLR2 protein products are usually present far in excess 
of requirements, a role critical to normal pollination seems contraindicated. 72 
Proteins with 10-12 cysteines in the precise order seen in the Brassica S­
multigene family are now being found in other species (Nasrallah and Nasrallah, 
1993). The cysteine array is their "major structural hallmark" (ibid).  The group 
includes secreted glycoproteins and transmembrane protein kinases, some of which 
are found in vegetative tissues. Dickinson et al. (1992) have subjected the  consensus 
cysteine-rich sequence among the S-family genes to "homology modeling" to get clues 
about its function. The model predicts a tertiary structure with significant homology 
to extracellular matrix-forming proteins in animals. The authors suggested that the S-
family proteins may be involved in cell signaling and/or intermolecular binding. 
Sequence comparison of genes can provide clues to evolution.  Certain B. 
oleracea SLG sequences are more closely related to B. campestris alleles at the DNA 
and amino acid levels than to other B. oleracea alleles (Dwyer et al., 1991; Trick and 
Heizmann, 1992). This is evidence that polymorphisms are ancient, predating 
speciation in the genus Brassica.  (Similar conclusions have been reached for GSI. S­
allelic divergence in the Solanaceae predates divergence of the genera in this family 
(Singh and Kao, 1992). 
In comparing DNA sequences, a base substitution is  "synonymous" if it causes 
no change in amino acid sequence, and "nonsynonymous" if it does cause a change 
Certain genes have a very high rate of nonsynonymous changes, higher than can be 
accounted for by simple accumulation of chance mutations (Trick and Heizmann, 
1992). Examples are immunoglobulin genes and SLG (ibid). High rates of 
nonsynonymous substitutions imply that positive, diversifying selection, intragenic 
recombination or gene conversion events  are active (Nasrallah and Nasrallah, 1989; 73 
Trick and Heizmann, 1992). Diversifying selection is consistent with the selective 
advantage of generating a new allele. Once generated,  new alleles are likely to 
spread and be maintained in the population. A plant with a new allele is compatible 
with all other plants in the year of its generation, and the frequency-dependent 
selection operating with SI helps to maintain a large number of alleles in the breeding 
population. 
Synonymous substitutions can be used to calculate when two sequences 
diverged. One estimate places SLG allelic divergence at an astonishing 21 million 
years ago (Nasrallah and Nasrallah, 1989, and references therein). 
2.4.5.2. Molecular biology of GSI 
Molecular work on GSI is largely confined to the Solanaceae and 
Papaveraceae. Excellent reviews on molecular aspects of GSI appear regularly. 
Recent examples include Singh and Kao (1992), Hinata et al. (1993), Newbigin et al. 
(1993) and Matton et al. (1994). Please consult the reviews for more details and 
original citations. 
S-proteins of the pistil in Solanaceae were discovered with the same 
biochemical techniques used on SSI. Immunological methods and IEF were especially 
fruitful. As was the case with Brassica SLSGs, these techniques were only successful 
because the pistillar S-proteins are abundant, allelically diverse, and mostly of 
strongly basic pI.  S-proteins in the Solanaceae comprise 5-30% of total stylar protein 
(Clarke et al., 1989). S-proteins have now been identified from Lycopersicon 74 
peruvianum, Nicotiana alata, Petunia inflata, Petunia hybrida, Solanum chacoense, 
and Solanum tuberosum (Singh and Kao (1992) and references therein). 
Solanaceous S-proteins are basic, secreted glycoproteins (some with pI > 9.0) 
of molecular weight 23-34 KDa. The molecular weights of allelic proteins are the 
same within a species after deglycosylation. Allelic differences were detected  on IEF 
gels. 
S-proteins accumulate gradually with the onset of SI (not abruptly as in 
Brassica). These plants become self-incompatible about one day before anthesis. The 
highest concentrations of S-proteins occur in the upper style and the basal part of the 
stigma, but immunogold labelling and in situ hybridization have shown them to be 
present over the stigma, throughout the extracellular matrix of the stylar transmitting 
tract, and on the inner epidermis of the placenta i.e. everywhere that the pollen tube 
must grow to reach the ovule (Cornish et al., 1987; Newbigin et al., 1993). 
Appropriate tissue and temporal regulation, and segregation of the allele-specific 
proteins with S-genotype have been demonstrated. Anderson et al. (1986) cloned the 
first S-gene in a species with GSI. 
The S-proteins of the Solanaceae are RNases. The "S-RNase" accounts for 40­
80% of total style RNase activity (Newbigin et al., 1993). RNase activity in the self-
compatible N. tabacum is 1000 times less than in mature styles of N. alata (McClure 
et al., 1989). The S-RNase is taken up intact by pollen tubes, and is highly resistant 
to proteases (Gray et al., 1991).  It has no special target, acting on any RNA (Singh 
and Kao, 1992). 75 
Degradation of pollen RNA is a very effective method of halting pollen tubes, 
because of their inability to make new rRNA and tRNA. Specificity of RNase  action 
against pollen with the same S-allele has proven difficult to establish. McClure et al. 
(1990) radiolabelled pollen RNA and found that it was degraded when the pollen grew 
in incompatible styles, but not in compatible ones. Singh and Kao (1992) note that 
this fording is difficult to interpret, because tubes burst in incompatible styles, 
exposing their RNA to degradation. Harris at al. (1989) reported selective inhibition 
of S2 pollen tube growth by S2-RNase in vitro, but Jahnen et al. (1989) did not see 
consistent specificity. The fact that Nicotiana pollen grows poorly in vitro 
complicates interpretation. 
The basis of allelic discrimination in vivo remains unresolved. Current 
hypotheses are that selectivity may lie in uptake (a "receptor" or "gatekeeper" in the 
pollen tube wall [Singh and Kao, 1992]), or in activation or inactivation of the RNase 
(Hinata et al., 1993; Newbigin et al., 1993). 
The S-gene alone is both necessary and sufficient to confer SI (Lee et al., 
1994). Transformation of plants with a new allele enables the pistil to reject pollen 
with that allele. Blocking the endogenous allele makes the plant self-compatible. 
The cDNAs for solanaceous S-proteins have a few features in common: a 22 
amino acid signal peptide (consistent with secretion);  a hydrophobic region at the N-
terminal end; some glycosylation sites; and eight cysteine residues, all involved in 
intramolecular bonding (Newbigin et al., 1993). There  are conserved, variable and 
"hypervariable" regions in the polypeptide (Kao, 1992). The hypervariable regions, 
candidates for allelic determinants, are the most hydrophilic, but do not usually 76 
contain glycosylation sites (Anderson et al., 1989b). The number of glycan chains 
varies among alleles (ibid). 
Beyond these features, S-alleles are wildly different, even within a species. 
Pairwise comparisons show 39 -93 % amino acid identity among the Solanaceae, with 
only 16% of residues conserved among all alleles (Singh and Kao, 1992; Newbigin et 
al., 1993). Amino acid conservation is as low as 40% among alleles within a species 
(Hinata et al., 1993). 
Sequence diversity extends to surrounding regions. RFLPs are abundant. 
Genomic sequences of several Petunia and Solanum alleles have been obtained (see 
Singh and Kao, 1992). The S-gene contains a single, small intron (92-117 bp) within 
one of the hypervariable areas.  Alleles of a species show no similarity in nucleotide 
sequence within the intron nor in the regions flanking the gene. The latter are rich in 
repetitive sequences. The dissimilarity may impede formation of the synaptonemal 
complex, for recombination is suppressed in the entire region (Clark and Kao, 1991; 
Gebhardt et al., 1991). 
Allelic polymorphisms predate the divergence of genera in the Solanaceae 
(Singh and Kao, 1992). Suppression of recombination probably allows ancient alleles 
to preserve their identity, and encourages maintenance of a large number of alleles in 
the population (Clark and Kao, 1991). Unlike in Brassica,  new alleles are not likely 
to be generated by gene conversion or recombination. 
Increasingly sensitive methods have failed to detect evidence of a pollen 
molecule identical or even homologous to the pistil S-product.  Significantly, the 
transformation of a plant to impart a new allelic specificity does not affect pollen 77 
behavior, supporting the view that different genes are involved in the pollen (Lee et 
al., 1994). Conventional breeding has not separated them, but we now know that 
recombination is suppressed in this region. Genomic sequencing, though difficult 
because of the repetitive sequences, reveals no genes within 7 kb upstream or 13 kb 
downstream (Singh and Kao, 1992), shedding no light on the tripartite locus idea. 
Newbigin et al. (1993) suggested that the pollen gene may be expressed only after 
pollination. 
S-genes have been studied in Papaver rhoeas, a species of poppy, using a 
bioassay to follow S-protein purification, and clone the S-gene.  The Papaver S-
protein is a basic (pI=7.4-8.6) 22 KDa glycoprotein (Hinata et al., 1993). In contrast 
to Brassica and the Solanaceae, the poppy S-protein is of very low abundance, 
comprising < 0.1% of stigma proteins (Franklin-Tong et al., 1989). Alleles vary in 
pI but not molecular weight (ibid). Developmental regulation, tissue specificity and 
segregation with S-alleles in crosses have all been demonstrated.  The protein shows 
allele-specific inhibition of pollen tubes, and is definitively not an RNase (Franklin-
Tong et al., 1991). De novo transcription and glycosylation are required in the pollen 
during an incompatible reaction (Franklin-Tong et al., 1992). The incompatibility 
response also involves a transient increase in calcium, altered gene expression and 
protein phosphorylation in the pollen (see Matton et al. (1994) for a review). 
The poppy S-gene has no homology to other known genes (Foote et al., 1994). 
It encodes a signal peptide and a small hydrophilic protein with one glycosylation site. 
Glycosylation is not required for pistil S-protein activity, nor for allelic discrimination 
in vitro. The gene is not expressed in anthers or pollen. The pollen S-product is 78 
unknown. The cloning of the poppy S-gene, and its dissimilarity to previously cloned 
S-genes, confirms the independent origin of GSI in Papaveraceae. 
2.4.5.3. Conclusion 
Isolation of genes has been critical for progress in SI research. Although 
much has been learned, Trick and Heizmann (1992) point out that we are still trying 
to link a complex range of phenomena to the inheritance of certain DNA  sequences. 
Many puzzles remain, especially the nature of the pollen S-product, the basis of allelic 
discrimination, understanding precisely how pollen is identified and rejected, and the 
relationship (if any) between GSI and SSI. Several of the foremost scientists in this 
field are now suggesting that S-genes may have been recruited during evolution from 
pre-existing cell-signaling or pathogen-defense systems. The great apparent age of 5­
alleles, the S-multigene family, the existence of pathogen-resistance or cell-signaling 
SRK-like genes in other species, and the presence of other RNases in styles of the 
Solanaceae help fuel this speculation. Future revelations from this fast-moving 
research area should be exciting. 
2.5. FLOWERING IN HAZELNUT 
Hazelnut (2n=2x=22) belongs to the family Betulaceae in the order Fagales of 
the subclass Hamamelidae (formerly Apetalae). The plant is monoecious, 
anemophilous, dichogamous and self-incompatible. The male inflorescence  is an 
ament (catkin), a pendant, deciduous spike, bearing unisexual apetalous flowers 79 
(Lavender, 1985). The catkins contain 130-260 flowers having 4-8 anthers each 
(Jona, 1985). Male flower buds are evoked on the current season's growth in early 
June (ibid). They become visible in July as tiny axillary clusters of catkins, and 
continue to grow until autumn, when they undergo a short dormant period. After 
chilling is satisfied, they enlarge further, then open. Catkin elongation at anthesis 
involves the transfer of water out of the pollen and anthers, and into the axis of the 
catkin (Dowding, 1987). Anthers open to release the pollen when atmospheric 
humidity drops below about 80%.  The triporate pollen grains are 24 Am in diameter 
on average (Jona, 1986). 
The female inflorescences and fruits of hazelnut are quite different from those 
of fellow Betulaceae members Alnus (alder) and Betula (birch).  Birch and alder bear 
cone-like female catkins with small, dry seeds (Lavender, 1985).  The female 
inflorescence of hazelnut is an inconspicuous cymule (glomerule), borne terminally or 
laterally on the previous season's stems, or on catkin peduncles. The fruit is a large 
nut. 
Female inflorescences were described by Thompson (1979a)  and Jona (1985). 
At full bloom, they appear as a tuft of red stigmatic styles protruding from the apex 
of the bud. They are evoked from May to July on the current season's growth, but 
are externally indistinguishable from vegetative buds until the red styles start to 
emerge (the "red dot" stage) at bloom. Stem inflorescences occur as compound buds, 
containing 6-7 internodes and a terminal flower cluster (cymule).  The cymule 
contains 2-8 bracts, each bearing two axillary flowers, and each flower has two 
stigmatic styles. Up to 32 styles are therefore possible, but the average is lower. 80 
Stigmatic papillae differentiate basipetally from the tip and occupy 50-80% of the 
stylar surface, according to Thompson (1979a). 
Hazelnut blooms in mid-winter in Oregon. Most clones bloom between 
December and February. About 90% of the commercial cultivars are protandrous 
under Oregon conditions (Mehlenbacher, 1991a). 
The start and duration of bloom vary with climatic conditions from year to 
year, especially temperature. The times of catkin elongation, female inflorescence 
emergence, and bud break are strongly correlated with their respective chilling 
requirements, although differences in post-rest heat requirement have also been noted 
(Mehlenbacher, 1991b). Differences in chilling and heat requirements  mean that the 
degree of overlap between pollen shed and female bloom varies considerably from 
year to year. In particular, warm weather speeds the onset and shortens the duration 
of pollen shed much more than it hastens female emergence, posing a risk that pollen 
shed will be over too early. This fact, together with SI,  means that at least two or 
three different kinds of pollinizers must be planted to assure that sufficient compatible 
pollen is available for the duration of the prolonged female bloom period. 
Unpollinated female flowers stay receptive for up to three months (Thompson, 
1979a), so late-shedding pollinizers are preferable.  Frost, rain, and fog inhibit pollen 
shed (Jona, 1985). Female flowers are more cold-hardy than catkins (ibid). 
No ovary is present at pollination. At the base of each pair of styles is an 
intercalary meristem that will go on to form an ovary and ovules only if the flower is 
pollinated. The styles begin to emerge in late November or after, and continue to 81 
elongate and reflex until they are pollinated. Then they cease growing and slowly 
turn black. 
Thompson (1979a) and Jona (1986) describe ovule differentiation and 
fertilization in hazelnut. Pollen tubes reach the base of the style in 4-7 days.  The 
pollen tube tip broadens and becomes irregularly-shaped and heavily callosed.  It 
remains in this resting state at or near the base of the style for approximately 5 
months, while the ovary, ovule and embryo sac differentiate. 
Pollinated clusters start to develop in early March, and unpollinated ones start 
to drop in late April (Thompson, 1979a). By May the ovary has differentiated, the 
integument is present, ovules go from basal to apical within the ovary and rotate to 
reach the anatropous orientation, and megasporogenesis begins. Four ovules 
differentiate but only two develop (Jona, 1985). The ovary enlarges rapidly, going 
from 10% to 90% of its final diameter within 6 weeks from late May to mid-July. 
Most of this growth occurs before fertilization. 
In June, the embryo sac matures and the polar nuclei fuse. A secondary 
pollen tube is produced, grows basipetally through the funiculus and along the single 
integument, enters the nucellus at the chalazal end and penetrates the embryo sac at 
the micropylar end. Fertilization ensues. Only one ovule develops typically. 
Hazelnut SI is of the sporophytic type, with one multiallelic locus (Thompson, 
1979b). S-alleles are expressed dominantly or codominantly in pollen, but are always 
codominant in the female tissues.  Extensive crosses revealed a linear dominance 
hierarchy of 7 levels (Mehlenbacher and Thompson, 1988), with 26 S-alleles so far 
identified (S. Mehlenbacher, Dept. of Horticulture, Oregon State University, personal 82 
communication). Dominance in the pollen leads to reciprocal differences in 
incompatibility and the possibility of S-homozygotes. The absence of complex allelic 
interactions (mutual weakening, partial dominance, etc.) and dominance in the pistil 
make hazelnut SSI simpler than that found in crucifers. 
Incompatible pollen is arrested on the stigma in hazelnut. Thompson (1979b) 
reported abundant germination of incompatible pollen, and Hes lop-Harrison et al. 
(1986) reported no germination. Nothing further is known about pollen-stigma 
interactions, or the physiological or molecular genetic basis of SSI in this species.  In 
contrast to hazelnut, alder and birch display typical one-locus, multiallelic GSI 
(Hagman, 1975; Eriksson and Jonsson, 1986). Incompatible pollen germinates freely, 
but is arrested in the style. The presence of two types of SI within one botanical 
family is highly unusual. 
In most clones of hazelnut, SI is strong. The proportion of flower clusters 
setting nuts after self-pollination is typically less than 10%, and often near 0% 
(Mehlenbacher and Smith, 1991). Two cultivars, `Tombur and jI 4ontebello'  show 
partial self-compatibility (ibid). 
No method is known for overcoming SI in this plant. This obstacle poses 
difficulty in the breeding program because many desirable crosses are impossible, or 
possible only in one direction. Callan and Thompson (1986) reported that dipping 
styles in 1-2 M sugar solutions, or applying a 1:1 mixture of finely ground sugar and 
incompatible pollen overcame SI in detached flowers. The procedure  was 
unsuccessful in the field (Mehlenbacher and Smith, 1991). 83 
CHAPTER 3 
PHOTOSYNTHETIC POTENTIAL AND ADAPTABILITY OF HAZELNUT
 
LEAVES IN DIFFERENT LIGHT ENVIRONMENTS
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3.1. ABSTRACT
 
Information on the photosynthetic rate of hazelnut and its response to shade 
is needed to assess the potential benefit of canopy management in commercial 
production. Ambient light was excluded from whole 'Ennis' trees with shade cloth 
to produce 0, 30, 47, 63, 73, or 92% shade. Mean leaf size increased by 49% and 
chlorophyll concentration by 157% over this range. Decreases were observed in 
mean specific leaf weight (68%), stomatal density (30%), light compensation point 
(69%), and dark respiration rate (63%). Photosynthetic light response curves were 
obtained for leaves that had developed in full sunlight (0% shade), deep inside the 
canopy of unshaded trees, or in 92% shade. Mean maximum photosynthetic rates 
were 12.03 Amol CO2 m-2 s-1, 6.13 Amol CO2 m-2 s', and 9.28 Amol CO2 
respectively. Respective mean dark respiration rates were 1.98 Amol CO2 nY2 
1.07 iAmol CO2 nY2 S-1, and 0.73 Amol CO2 m-2 s-', and light compensation points 
were approximately 52, 27 and 16 Amol PAR nr2 S-1.  Light-saturated photosynthetic 
rate measured on leaves from 30% or 63 % shade differed little from the control (0% 
shade) in short term measurements. Hazelnut demonstrated considerable capacity to 
adapt to shade. 
3.2. INTRODUCTION 
Hazelnut (Cory lus avellana L.) occurs chiefly as an understory tree in its 
native habitat, the forests of Europe (Kull and Niinemets, 1993). This species is 
also grown commercially as an orchard crop in parts of Mediterranean Europe and 85 
the United States. Hazelnut (sometimes called filbert) has long been an important 
orchard crop in the Willamette Valley of Oregon, where acreage has increased  to 
12,000 ha in recent years (U.S. Department of Agriculture, 1993). 
Hazelnut is not a high-yielding crop. Westwood (1993) notes that the 
maximum expected yield for hazelnuts is 4.5 tonnes he (2 tons acre), half that of 
walnut. Actual yields are often substantially lower than this maximum, and well 
below that of most other nut crops (U.S. Department of Agriculture, 1993). 
Hazelnut yields plateau after 10-12 years (Jona, 1985), although the trees continue to 
enlarge for many more years. One reason for the yield plateau could be a decline in 
productivity caused by poor light penetration into the increasingly shady canopy. 
Hazelnut orchards are currently pruned minimally or not at all. Poor illumination is 
known to reduce flower bud formation, fruit set and fruit quality in most other 
orchard crops e.g. apple, kiwifruit, walnut (Jackson and Palmer, 1977b, 1977c; 
Ryugo et al., 1980; Snelgar et al., 1992). Cultural practices aimed at improving the 
light environment inside the canopy have increased productivity in these crops. 
Precise knowledge of how much shade can be tolerated (and when) is an 
essential prerequisite to intelligent canopy management. Shade affects productivity 
in two ways: by decreasing reproductive potential (flowering, fruit set, fruit size, 
etc.) and by curtailing the vegetative growth necessary to support reproduction. 
Whenever photosynthesis is diminished by poor illumination, less carbon is available 
to devote to growth and reproduction. 
Information on hazelnut photosynthetic rate is very limited. Harbinson and 
Woodward (1984) measured photosynthesis of outdoor plants at very low irradiances 86 
(230 gmol PAR in-2 s' or less), and Schulze and Uppers (1979) measured 
photosynthetic rate in potted greenhouse specimens as a function of leaf water 
potential. Neither study provides information useful for estimating photosynthetic 
rates of field-grown trees at typical outdoor irradiances.  Since photosynthetic rates 
vary widely among temperate fruit and nut species, I chose to measure 
photosynthesis rather than estimating it based on other crops. In view of its 
evolution as an understory tree, hazelnut may be more efficient in the shade than 
fruit crops that evolved in sunny habitats. 
The objective of this study was to characterize the normal photosynthetic rate 
of field-grown hazelnut leaves, and to quantify its response to shade. Photosynthesis 
was measured on leaves that had developed in a range of shade regimes 
representative of natural canopies. Because shade tolerance is determined by a 
plant's genetic plasticity for anatomical changes, photosynthetic and respiration 
rates, etc. (Kramer and Kozlowski, 1979), several leaf characteristics  were also 
measured as a gauge of the plant's ability to adapt to sub-optimal irradiance.  The 
broader goal of this research is to obtain concrete information upon which to base 
any future canopy management practices. 
3.3.  MATERIALS AND METHODS 
Plant material - Self-rooted `Ennis' hazelnut trees were enclosed in wood-frame 
cages (2.4 m x 2.4 m x 2.4 m) covered with black polypropylene shade cloth (A.M. 
Leonard, Piqua, Ohio) that excluded 30, 47, 63, 73 or 92% of ambient light. The 87 
shade cloth extended to the base of the canopy. The trees had been planted in 1987 
at the Oregon State University Vegetable Crops Research farm near Corvallis, Ore., 
on a 3.1 m x 6.1 m spacing in north-south rows, with 'Butler' pollinizers every 
sixth tree in every third row. Control trees were unshaded (0% shade). Four 
replicate trees per shade level were designated in a completely randomized 
experimental design. 
The trees were shaded for two consecutive growing seasons. Shade cloth 
was put in place at the end of May 1991, and removed in late Sept. just before 
harvest. The same treatments were applied to the same trees in 1992, except that 
shading started 7-12 May, and 0.6 m extensions were added to the cages to 
accommodate tree growth. 
Quantum sensor readings taken from inside at the top of the cages indicated 
that the light exclusion was within 2% of the advertised value. Air temperature 
inside trees in the 92% shade treatment deviated from that in unshaded trees by 
about 1 °C or less (Appendix 1). Shade cloth does not change the spectral 
distribution of the radiation transmitted (Lee, 1985). 
Leaf characteristics  Mean leaf size, leaf dry weight per unit area [specific leaf 
weight (SLW)] and chlorophyll content were determined on 13 July on a subsample 
of five midshoot leaves per tree from the uppermost part of the canopy on the west 
side. Leaves were washed in tap water, blotted and air-dried. Leafarea was 
measured with a calibrated LI-COR LI-3000 or model 3100 leaf area meter. Four 
discs (8 mm diameter) were cut with a cork borer from interveinal areas of each leaf 
for chlorophyll extraction, and the rest of the leaf was dried at 65 °C for 72 h. 88 
Leaf areas were corrected for the removal of the discs before calculating SLW. 
Previous experiments showed that leaf SLW and disc SLW were highly correlated 
(r=0.99, p= 0.0001). 
Leaf discs were placed in 5 ml of 80:20 acetone:water (v/v), vortexed for a 
few seconds to submerge, covered and extracted in the dark for 48 h at room 
temperature. Samples were then vortexed briefly and the absorbance at 645 and 663 
nm was recorded on a Bausch and Lomb Spectronic 2000 spectrophotometer. None 
of the samples was turbid, and filtration did not change the absorbance readings. 
Chlorophyll concentration per unit area and chlorophyll a/b ratio were calculated 
using published formulae (Arnon, 1949) and extinction coefficients  (Mackinney, 
1941). Chlorophyll per unit dry weight was calculated using the SLW obtained for 
each leaf. 
Stomata were counted on 28 and 31 August 1991 on five midshoot leaves 
from the upper canopy of each tree. An interveinal area close to the midvein on the 
distal portion of the leaf was painted with clear nailpolish. After it dried, the polish 
was peeled off using clear tape and attached to a slide. Stomata were counted at 
450 x power (3 fields per peel) and mean stomatal frequency was calculated for both 
leaf surfaces. 
Photosynthesis measurements  All photosynthesis measurements were done between 
22 June and 9 July 1992. The trees were growing vigorously and were not under 
water stress at this time. Light response curves were determined on 22, 23, 25, 26, 
28, 29 June and 1 and 3 July 1992 for leaves from trees in full sun, 92% shade, and 
leaves on 1-yr-old shoots growing deep inside the canopy of unshaded (control) trees 89 
(primarily watersprouts).  Light-saturated photosynthetic rates (P.), measured at 
1000-1200 Arno' PAR m' s', were obtained for 0, 30 and 63% shade treatments on 
7-9 July 1992. Due to the scarcity of new shoots in the 92% shade treatment, light-
saturated photosynthetic rates were taken from the readings done for the light 
response curves for this treatment. 
Shoots (ca. 1 m) from the top of the canopy on the west side were cut before 
dawn, immediately re-cut under water, and brought to the laboratory. The shoots 
were placed in flasks of water under two high-pressure 1000-watt sodium lamps. A 
water filter was used to reduce heat load on the shoots. Photosynthetic photon flux 
density (PPFD) for the light response curves was decreased stepwise by raising and 
lowering the shoots and by neutral density filters.  Photosynthesis was measured at 
eight different irradiances between 0 and 1800 /Amol PAR m' s-', approximately 
every 300 Amol PAR m' s'. The shoots were equilibrated at each light level for at 
least 45 min before measuring photosynthetic rate. 
The net photosynthetic rate (P.) and stomatal conductance (&) measurements 
were taken on the most recent and second most recent fully expanded leaves with an 
LI-6200 portable photosynthesis system (LI-COR, Lincoln, Neb.) equipped with a 
250 ml cuvette. The boundary layer resistance was estimated to be 1.6 mol 1112 S-1 
from a filter paper model. Dark respiration was measured after an hour or more 
without light. Complete light response curves were obtained from individual leaves. 
The leaves were marked with a felt pen to ensure that the same leaf area was being 
monitored in consecutive measurements. 90 
After photosynthesis and dark respiration measurements were complete, leaf 
areas and dry weights were determined. Leaves were washed in a solution of 1 g 
of phosphate-free detergent ("Liquinox," Alconox, New York, NY), rinsed twice in 
tap water and once in distilled water, then blotted and air-dried. Leaf area was 
measured with a calibrated LI-COR LI-3000 leaf area meter, then leaves were dried 
at 65 °C for 72 h. The % N was measured by the Kjeldahl method for a subsample 
of four leaves from each shade level measured for P  (0, 30, 63, and 92% shade). 
The LI-6200 is a closed system without direct control of CO2 concentration, 
relative humidity or air temperature.  I tried to minimize the change in 
environmental parameters other than light as follows: (1) by adjusting the rate of air 
flow through the in-line desiccant such that humidity changes around the leaf during 
measurements were small. Conductance requires 15 min or so to adjust to small 
changes in relative humidity (Weyers and Meidner, 1990).  (2) by completing 
measurements as quickly as possible. All were complete within 60 s, and most were 
done within 30 s, of enclosing the leaf in the cuvette.  (3) all measurments were 
taken in an air-conditioned laboratory (set at 24 °C). Measurements were thus done 
at ambient relative humidity (48 ± 3%), air temperature (25 ± 3 °C) and CO2 
concentration (365 ± 5 ppm), except on 22 and 23 June, when air temperature rose 
to 30 °C in the lab for a few hours. 
Statistical Analysis - PC-SAS (v. 6.03 and 6.04, SAS Institute, Cary NC) was used 
for all analyses. Variables were regressed against percent shade, with the SAS 
general linear model (GLM) procedure, using the "lackofit" utility to determine the 
appropriate order of the equation. Residuals were checked for normality and were 91 
normally distributed, except where noted otherwise. For leaf variables with 
subsampling, a nested ANOVA was first performed to check for significant 
differences among trees within a treatment.  If found, the regression was done on 
tree means. Otherwise, the data were pooled. Tree means were used for 
chlorophyll concentration per leaf, leaf area, and stomatal density regressions. 
The photosynthetic light-response curves were fit to a negative exponential 
model by three-parameter nonlinear regression analysis using the SAS procedure 
NLIN with the "Marquardt" fitting option. The model used was based on the 
MacArthur-Wilson equilibrium equations as described by Campbell et al. (1992), 
with several modifications. A term was added to allow for a non-zero y-intercept, 
as the dark respiration rate was expected to be negative. Data were fitted to the 
following equation: 
P. = Rd + S(1-e 
where Pi, = net photosynthetic rate, Rd = dark respiration rate, S= asymptotic 
maximum, e = base of natural logarithms, G = rate of approach to the maximum, 
and PPFD = photosynthetic photon flux density. 
A curve was fit to the data from each separate leaf, and another curve was fit 
to the data for all leaves within a given shade treatment. Pseudo -r2 values 
(determined for each model by dividing the regression sum of squares by the total 
uncorrected sum of squares) were used to assess goodness of fit, following the 
example of Campbell et al. (1992). 92 
An estimate of Rd was immediately available, while estimates of other 
coefficients for the light response curve were calculated from the fitted models for 
each leaf as follows: 
1) light compensation point (LCP) - corresponds to the x-intercept of the light 
response curve, and is obtained by setting Pn =.0 and solving for PPFD. 
LCP = (-In (1 + Rd/S))/G 
2) quantum efficiency (moles of CO2 fixed per mole of quanta absorbed) ­
corresponds to the initial slope of the curve, and is obtained by taking the first 
derivative of P with respect to PPFD at PPFD=0. 
Quantum efficiency = GSe -13" = GS 
3) The light saturated rate of photosynthesis (P.)  = S + Rd. P. is not equal to S 
because the curve has been shifted downward with respect to the y-axis by the 
addition of the term Rd to the model. 
Values for Rd, LCP, quantum efficiency and P. were compared with 
univariate ANOVA using the SAS procedure GLM. Because relevant measurements 
were made on individual leaves without recording information about which leaves 
came from which trees, a statistical concern arose.  I was advised that the 
appropriate error term for treatment comparisons was actually trees within 
treatment, not leaves within treatment. Marginal p-values for comparisons among 
leaves in full sun, 92% shade and interior leaves should thus be treated with caution. 
The p-values obtained were p=0.0001 or p=0.36, however,  so interpretation was 
clear. 93 
Another concern was the possibility of a day effect, since logistical reasons 
prevented handling leaves from all three treatments on a given day. A second 
ANOVA was therefore done to look for a significant day effect, and the relative 
sizes of the various components of variation were examined. 
3.4. RESULTS AND DISCUSSION 
Leaf characteristics - Hazelnut leaves adapted to shade. Mean area of individual 
leaves increased linearly with increasing shade (Fig. 3.1a). Leaves in 92% shade 
were 50% larger on average (115.2 cm2) than those in full sun (76.9 cm2). 
I found no previous reports specifying the response of hazelnut leaf area to 
shade. Peach leaves are considerably smaller than those of hazelnut and showed 
relatively less size change in the shade, being on average about 36 cm2 in 91% 
shade, or 20% larger than in full sun (Kappel and Flore, 1983). Similarly, in 
weeping fig, leaves were 37% larger in 75% shade (Fails et al., 1982a). The light 
environment during leaf development is the key: Marini and Sowers (1990) found no 
correlation between average leaf area and light exposure when they excluded 55­
91% of light from peach trees for up to 6 weeks starting in mid-June. In contrast, 
Ryugo et al. (1980) reported a 20% decrease in mean individual leaf area in shaded 
compared to sunlit spurs of walnut. Logan (1970) reported that yellow birch (Betula 
alleghaniensis Britt.) leaves were 18 cm2 in 87% shade, or 86% larger than in full 
sun. Perhaps the Betulaceae have greater phenotypic plasticity for leaf area. Such a 
feature would be of adaptive significance to a species such as hazelnut, which often 94 
Fig. 3.1. Relationship between shade and (a) leaf area and specific leaf weight 
(b) chlorophyll concentration and chlorophyll a/b ratio (c) abaxial stomatal density. 
Vertical bars indicate standard errors. Regression equations were as follows, where 
x = % shade: leaf area (cm2) = 76.44 + 0.48x ***, r 2 = 0.65; SLW (mg cm-2)  = 
10.76 - 0.081x ***, 7.2 = 0.86; chlorophyll concentration (mg g-' dry weight of 
leaf) = 5.76 + 0.013x + 0.00084x2***, 7.2 = 0.77; chlorophyll a/b ratio 2.78 ­
0.0014x - 0.000040x2**, r2 = 0.44; stomatal density (no. mm-2 leaf area) = 214 ­
0.83x ***, r2 = 0.64. _
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grows in the shade in nature.  In this study, mean leaf area was similar under 73 
and 92% light exclusion, so perhaps the plant was approaching its limit for 
phenotypic plasticity of leaf size.  Individual leaves as large as 183.4 cm2 were 
observed, however. 
Leaves were thinner in the shade. Leaf weight per unit area (specific leaf 
weight, SLW) decreased linearly as shade increased (Fig. 3.1a), with leaves in 92% 
shade weighing only 3.54 mg cm' on average, less than one-third as much as in full 
sun. Most of the variation in SLW could be accounted for by the light environment 
(r2= 0.86). Reduced leaf weight per unit area in shade is largely due to a decrease 
in the number and thickness of palisade layers and a decrease in thickness of the 
spongy mesophyll (Chabot and Chabot, 1977; Fails et al., 1982a; Wooge and 
Barden, 1987). 
Mean SLW in hazelnut ranged from 2.86 to 13.05 mg cm" in different light 
regimes. The shade cloth was effective at mimicking natural shade in this respect, 
for Kull and Niinemets (1993) reported a similar range of SLW for hazelnut trees 
growing in the forest understory in Estonia (2.27-8.84 mg cm"). Values reported 
by Harbinson and Woodward (1984) for hazelnut trees in full sun were very close to 
the mean value obtained here in 47% shade. 
The SLW of yellow birch leaves in full sun was about the same as that 
obtained here for 73% shade in hazelnut, and it decreased by more than half in 87% 
shade (Logan, 1970). Apple SLW also decreases linearly with decreasing irradiance 
(Palmer et al., 1992), and ranges from about 6.5-12 mg cm2 for sun-grown leaves, 
or 4.5-6.5 mg cm' for shaded leaves (Barden, 1977; Jackson and Palmer, 1977a; 97 
Davies and Lakso, 1979; Marini and Barden, 1982; Wooge and Barden, 1987; 
Palmer et al., 1992). The reduction due to shade is less pronounced than that 
obtained here, but the interior leaves in a pruned apple canopy may get more light 
than in our most extreme shade treatment. In Kappel and Flore's (1983) shade 
study, the range of peach leaf SLW was almost as large as that found here. Shorter 
shading intervals (up to six weeks) produced a much smaller change in peach SLW 
(Marini and Sowers, 1990). 
Light exclusion changed leaf chlorophyll concentration and chlorophyll a/b 
ratio.  In the most extreme shade treatment, mean chlorophyll concentration achlp 
was 14.2 mg per g dry weight of leaf, or 157% higher than in full sun (Fig. 3.1b). 
The relationships between shade and [chi] on a leaf area or per leaf basis were less 
close. Chlorophyll content per leaf and shade were positively and linearly related 
([chl] per leaf= 4.73 + 0.15x**, r2 =0.37), but the change between controls and 
92% shade was only 23%. On a leaf area basis, [chi] decreased about 20%, from a 
mean of 6.18 mg dm' in full sun to 5.03 mg dm-2 in 92% shade, even though the 
leaves in 92% shade appeared darker green to the eye. The regression line was 
quite flat, however (chlorophyll (mg dm-2=6.16 - 0.012x***), the r2 for the 
relationship was low (r2 =0.15), and the residuals were not normally distributed. 
Harbinson and Woodward (1984) also noted, and did not quantify,  a trend for 
increasing [chi] per unit leaf weight with increasing shade, but found no relationship 
between [chi] per area and irradiance. 
Values obtained here for [chi] per unit area are much higher than those 
reported for apple and birch, but similar to peach (Logan, 1970; Proctor, 1981; 98 
Marini 1986). Harbinson and Woodward (1984) reported [chl] of 4.32 mg dm-2 for 
hazelnut in full sun, substantially lower than in the deepest shade here, but their 
experiments were done on outdoor plants in September. They also found hazelnut to 
have significantly smaller chloroplasts than seven other broadleaved trees and 
shrubs. Usually [chl] per unit leaf weight increases in the shade and [chi] per unit 
leaf area decreases or does not change (Logan, 1970; Boardman, 1977; Ryugo et 
al., 1980; Fails et al., 1982a), but in shaded peach, both increased (Kappel and 
Flore, 1983). [CM] per unit leaf weight in 91% shade was 4.7 times the 
concentration in full sun in peach. Methodological and genotypic differences 
probably account for some of the variation among reported values. 
The chlorophyll a/b ratio decreased as shade increased (Fig. 3.1b). Mean 
chlorophyll a/b ratio decreased about 18% between the two most extreme 
treatments, but in absolute terms the change was small (2.76 in 0 or 30% shade, and 
2.34 in 92% shade). The sole previous report on hazelnut found a very high 
chlorophyll a/b ratio of 3.2 in full sun (Harbinson and Woodward, 1984). They 
found no change in the ratio with irradiance, and neither did Kappel and Flore 
(1983) in peach. 
No stomata were found on the adaxial leaf surface of hazelnut leaves. Most 
woody broadleaf trees are hypostomatous, but exceptions occur e.g. poplar (Kramer 
and Kozlowski, 1979) and pistachio (Lin et al., 1984) are amphistomatous. Mean 
stomatal frequency on the abaxial surface was about 226 per mm2 in full sun, and 
decreased by about one third (to 145-150 per mm2) in deep shade (Fig. 3.1c).  Both 
extremes fell within the range of 100-600 stomata mm-2 that Kramer and Kozlowski 99 
(1979) cite for trees. The sole previous study in hazelnut found a frequency of only 
155 stomata per mm2 in full sun, and no relationship to irradiance (Harbinson and 
Woodward, 1984). Abaxial stomatal frequencies were higher for pistachio, weeping 
fig, and olive (Fails et al., 1982; Lin et al., 1984; Bongi et al., 1987). 
Miscellaneous changes in vegetative growth were observed. In the shade, 
hazelnut leaves were held at a much flatter angle than in the sun, and venation was 
more sparse. Stem diameter decreased, the number of new shoots decreased, and 
the winter mortality of buds seemed greater. Although I did not quantify these 
changes, they concur with investigations in other species (Auchter et al., 1926; 
Barden, 1977; Boardman, 1977; Kappel and Flore, 1983; Grant and Ryugo, 1984). 
In summary, in an environment where light limits net production, hazelnut 
responds by investing relatively more resources in light capture (leaf area, 
chlorophyll a/b, chlorophyll concentration per unit weight) and less in dark reactions 
(stomatal frequency, SLW). 
Light response curves  The negative exponential model provided excellent fit for the 
observed photosynthetic light response curves, judging by the proportion of variance 
associated with the model. Pseudo-r2 values exceeded 0.99 for all but one 
individual-leaf curve, where r2=0.98. For the combined data, pseudo-r2 values 
were 0.96 for interior leaves, 0.98 for leaves in full sun, and 0.98 for leaves in 92% 
shade. 
Irradiances above 800-1000 Amol PAR ni2 s-1 saturated the photosynthetic 
response of most control leaves (Fig. 3.2a). This irradiance represents about 40­
50% full sun, if full sun is assumed to be 2000 Amol PAR m2 s-' (Nobel, 1983). 100 
Fig. 3.2. Scatter plots of observed net photosynthetic rates and curves for equations 
fitted to the negative exponential model for leaves grown (a) in full sun (b) 92% 
shade (c) inside the canopy of unshaded trees.  Equations are P. = -1.98 + 13.75(1-
-0.o0 e  1)) for control leaves, P. = -0.74 + 9.82(1-e -'466*"FD) for leaves in 92% 
shade, and P = -1.09 + 7.11(1-e -°"625""D) for interior leaves. PPFD  = 
photosynthetic photon flux density. 101 
18 
a
15 
12 
E 
0
c\J 
15  b 
0  12  ooe 
E 
00 
o 
cp 
cb 
0  9, o"°  0 
a) 
0 
0 
00 0 
o  c60 
00 ° 0 
o  0 
0 
0 
3 
a) 
_c 
(1)
0 
0 
_c 
CI_  15  C 
12 
0 o 6)
00 0°° 
0 
0 ° 0 
°  000 
0 
OD 690 
00  0° 
6 2,0 
°°(;) 
0 
oo 
0 
00 
(90% 
0 
0  0 
0  400  800  1200  1600  2000 
PPFD (,umol m 
-2 
s 
-1 
) 
Fig. 3.2. 102 
Leaves growing in 92% shade saturated at about 400-600 IA mol PAR ni2 s-1, and 
interior leaves at only 300-500 Amol PAR te s4 (Fig. 3.2b and c).  Saturating 
irradiances for leaves from the control and 92% shade treatment correspond quite 
closely with those measured in unshaded and shaded peach (Kappel and Flore, 
1983). 
The irradiance needed to saturate photosynthesis in sun-grown leaves was 
similar in a number of other woody plants e.g. almond, apple, pear, olive, fig, 
kiwifruit, and several Populus spp. (Kriedemann and Canterford, 1971; Lakso and 
Seeley, 1978; DeJong, 1983; Bassman and Zwier, 1991; Buwalda et al., 1992; 
Higgins et al., 1992). Several stone fruits, pecan, walnut, yellow birch, and 
evergreen broadleaved species like citrus and weeping fig saturate at lower 
irradiances than hazelnut (Kriedemann, 1968; Logan, 1970; Crews et al., 1980; 
Fails et al., 1982b; DeJong, 1983; Tombesi et al., 1983). Reported saturating 
irradiances for leaves grown in the shade were similar in apple, and lower in 
weeping fig and yellow birch (Logan, 1970; Lakso and Seeley, 1978; Fails  et al., 
1982b). 
The P. values obtained from the fitted curves for the individual-leaf data 
were significantly different for all three treatments (Table 3.1). The range for 
individual leaves in the three treatments was 9.35-15.37 Amol CO, m-2 s-1 for leaves 
in full sun, 6.92-11.82 Amol CO, m-2 s-1 for leaves in 92% shade, and 3.60-8.52 
Amol CO, m-2 s-1 for interior leaves on unshaded trees. 
Photosynthetic rates obtained in this study agree well with the limited
 
information already published. No other reports on P, for hazelnut leaves grown
 103 
Table 3.1. Calculated values for photosynthetic characteristics of hazelnut leaves 
grown in full sun, inside the canopy or in 92% shade. Mean separation Tukey's 
Studentized Range (HSD) test (a =0.05).  Means followed by the same letter are not 
significantly different. 
Source of 
Leaves  n 
Maximum 
Photosynthetic 
Rate (ttmol 
CO2 m-2 s-1) 
Light 
Compensation 
Point (timol 
PAR nr2 s-1) 
Dark 
Respiration 
rate (Amol 
CO2 le s-1) 
Quantum 
Efficiency 
(mol CO2 
fixed per 
mol quanta) 
Full sun  22  12.03 a  52 a  1.98 a  0.041 a 
92% shade  18  9.28 b  16 c  0.73 b  0.045 a 
Interior  19  6.13 c  27 b  1.07 b  0.043 a 
in full sun were found. Schulze and Kiippers (1979) and Turner et al. (1984) 
measured  on leaves of small potted trees grown at 600 Amol PAR m-2 s-1.  This 
irradiance would correspond to about 70% shade in this study, and the P 
for shade leaves here (Fig. 3.2b and c) is similar to the approx. 7-8 Arno' CO2 m-2 s-' 
in their figures. The P,, of outdoor plants, measured at 230 Amol PAR m-2 s-1, was 
about 7 Amol CO2 nr2 s-1 in Harbinson and Woodward's (1984) study, comparable to 
leaves here (Fig. 3.2a). Fellow Betulaceae member red alder has P., of only about 
5.7 mol CO2 m-2 s-1 (Pezeshki and Hinckley, 1982), while reports on P,, for various 
species of birch range from 6.93 to about 16 mol CO2 m-2 s-1 (Logan, 1970; Ranney 
et al., 1991). 
The P., for control leaves of hazelnut was comparable to pome fruits and 
most stone fruits (Kriedemann and Canterford, 1971; Barden, 1978; Higgins et al., 
1992; Kappel and Flore, 1983; DeJong, 1983; DeJong 1986; Marini, 1986). 104 
Reported P., of grape, kiwifruit and sour cherry are higher than hazelnut (Sams and 
Fiore, 1982; Buwalda et al., 1992; Higgins et al., 1992), and P. of the evergreen 
broadleaf trees citrus or weeping fig are lower (Kriedemann, 1968; Fails et al., 
1982b). Among nut crops, studies of photosynthesis are few. Hazelnut P. is lower 
than in almond and pistachio, similar to walnut, and higher than pecan (Crews et al., 
1980; De Jong, 1983; Tombesi et al., 1983; Lin et al., 1984; Higgins et al., 1992). 
The reduction in P. due to growing in shade was about 49% for interior 
leaves, but only about 23% for peripheral leaves in the 92% shade treatment. 
Possible explanations for this discrepancy include: 
(1) interior leaves are growing in more than 92% shade. In the absence of sun flecks, 
midday PAR at about 1 m below the top of the canopy of a 3 m tree is frequently 5% 
or less of full-sun readings after June, and < 3% in July and later. At 1.5 m below 
the top of the canopy, midday PAR readings drop to 1-2% full sun or less in June and 
later (Hampson and Azarenko, unpublished data). 
(2) The shade cloth and true shade do not affect P., in equivalent ways. True shade 
is enriched in far red light compared to the spectrally neutral shade cast by the shade 
cloth.  If red:far red ratio influences anatomical differences observed in shade leaves, 
P., could be differentially affected in the two treatments. Unfortunately,  no practical 
field method for mimicking all the properties of true shade (without altering 
temperature, airflow and so on) is known. 
(3) physiological differences.  I chose to compare light response curves only for 
leaves on 1-yr-old wood. Watersprouts and trunk suckers are the only such wood 
growing deep inside the canopy. They are extremely vigorous (growing 2 m or more 105 
in a season in many cases) and arise very close to the trunk, so they may differ from 
peripheral leaves in 92% shade in the nature of their growth, supply of water, 
nutrients, or photosynthate, etc. No nearby nuts grow on these vigorous shoots, 
whereas peripheral 1-yr-old wood extends from the previous year's (fruiting) wood. 
Reproductive sinks are known to raise photosynthetic rate in fruit crops (Choma et 
al., 1982; Forney and Breen, 1985; De Jong, 1986). 
I consider the first of these explanations most likely. Other investigators using 
shade cloth found more severe reductions in P., than seen here. In 80% shade, P. 
of apple leaves was roughly 55-68% as high as in leaves growing in full sun (Barden, 
1974, 1977). These results are comparable to the reported differences in P., 
between interior and peripheral leaves on unshaded apple canopies (Porpiglia and 
Barden, 1980). The P., of yellow birch leaves in 87% shade and peach leaves in 
91% shade were both 55% of the P. in full sun (Logan, 1970; Kappel and Flore, 
1983). In shorter periods under 91% shade (up to 6 weeks)  remained at 83% of 
control rates in peach (Marini and Sowers, 1990). 
The ability of shade-grown leaves to attain high P, at high irradiances  was 
surprising, but consistent. Measured photosynthetic rates at saturating irradiance for 
leaves in four shade treatments are shown in Fig. 3.3a. Leaves in full sun appeared 
paler green and were puckered along the major veins, unlike leaves from other 
treatments. Perhaps full sun imposes mild stress on hazelnut leaves. Hazelnut leaves 
are larger than those of many orchard crops; they may have more trouble cooling 
their leaves or controlling transpiration at high irradiances. A quadratic model  could 106 
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Fig. 3.3. (a) Measured net photosynthetic rates at saturating irradiance for leaves 
from four different light regimes (b) the relationship between light environment and 
leaf nitrogen concentration and SLW. For the photosynthesis measurements, leaves 
grown in full sun (n=24), 30% shade (n=18), 63% shade (n=15), and 92% shade 
(n=17) were measured at 1000-1200 Amol PAR m4 s'. The regression line is P = 
11.84 + 0.070x  0.0011x2*** (r 2 = 0.36), where x  = % shade. Leaf nitrogen was 
measured on a subsample of 4 leaves from each light regime, and the nitrogen content 
and SLW of these 16 leaves is shown in the lower panel. 107 
be fitted to the observed changes in P. with shade during leaf development 
(Fig.3.3a), but it did not explain a large proportion of the observed variation 
(r2=0.36). 
A high potential P. will not benefit a plant grown in continuous shade. 
Although the trees in 92% shade for two consecutive years showed an impressive 
ability to continue initiating flower buds and yielding nuts (see Chapter 4), I believe 
that such trees cannot survive in the long run. Many buds, twigs and small branches 
in the interior of the canopy had died by the end of the study,  and these trees showed 
minimal (and in some cases no) growth increments. They were probably drawing on 
reserves to survive. Lack of long term survival in 92% shade would agree with the 
observation that this species rarely occupies habitats in less than 10% full sun (Kull 
and Niinemets, 1993). 
Previous researchers have correlated P. and SLW, and P. and %N on a 
leaf area basis. SLW has been explored for its use as an indicator of P. because 
SLW is so easy to measure. The correlation between P. and SLW here was only 
r=0.52***, probably because SLW declined linearly with increasing shade, whereas 
mean P. declined significantly only in extreme shade (Fig. 3.3b). Linear 
correlations between P. and SLW were observed in peach and apple (Barden, 1978; 
Marini and Barden, 1981; Marini and Marini, 1983). In apple, the correlation 
coefficient was r=0.93. Among the subsample of leaves tested here, P. and %N by 
area were positively correlated, with r=0.75***, compared to r=0.83-0.91 for peach 
and several other Prunus spp. (DeJong,1982; 1983). The reason for the looser 
correlation in hazelnut was probably similar to that stated above for the correlation 108 
between SLW and P.. P. and %N (dry weight basis) were negatively correlated 
(r=-0.60*) here, as observed previously (Kull and Niinemets, 1993). The %N 
decreased as shade increased here (Fig. 3.3b), but Harbinson and Woodward (1984) 
saw no change in the %N with increasing shade in hazelnut. SLW and %N (area 
basis) were very highly correlated (r=0.96***), not surprisingly indicating that 
variations in %N were associated primarily with mesophyll thickness, as in peach 
(De Jong and Doyle, 1985). 
The light compensation point (LCP) of most C3 sun plants lies at 1-2% full 
sun (or 20-40 gmol PAR n12 s-1) (Kriedemann, 1968; Kriedemann and Canterford, 
1971; Lakso and Seeley, 1978; Jones, 1983; Bassman and Zwier, 1991). Fails et al. 
(1982b) measured LCP as low as 5 gmol PAR m2 s-1 in weeping fig, a useful feature 
for an indoor plant. Higgins et al. (1992) measured LCP of 28-67 gmol PAR n:12 
for various fruit and nut crops. The LCP for sun-grown hazelnut leaves is in this 
range, but the plant is able to reduce leaf LCP below this range when grown in the 
shade (Table 3.1). The shift in LCP with shade in other trees has not usually 
measured. True shade plants, in contrast, have LCP of 0.5-2.0 gmol PAR m2 s-1 
(Jones, 1983). 
Boardman (1977) stated that dark respiration rates (Rd) for true shade plants 
range from 0.06-0.16 gmol CO2 111-2 S-1, compared to 0.67-1.33 gmol CO2 ln-2 et for 
sun plants. As expected for a "facultative" shade plant, hazelnut falls clearly into the 
latter category (Table 3.1). Fujii and Kennedy (1985) reported Rd of 1.9 gmol CO2 
m-2 s-1 for field-grown leaves of apple. The Rd for most fruit crops and forest trees is 
often lower, however, usually 0.63-1.58 gmol CO2 nI2 ri in sun-grown leaves, and 109 
sometimes less (Kriedemann, 1968; Logan, 1970; Barden et al., 1980; Porpiglia and 
Barden, 1980; Marini and Barden, 1981; Marini 1986; Schaffer et al., 1986; Bassman 
and Zwier, 1991; Buwalda et al., 1992). 
One reason for high Rd in my experiments could be the warm temperatures 
experienced in the lab on two days during the experiments. Rd is dramatically 
affected by temperature. A significant day effect was found for Rd  = 0.03) and 
(p = 0.03) with ANOVA. Mean squares were 7.87 for shade treatment and 0.40 
for the day effect for Rd, and 155.75 for treatment and 4.00 for day effect for P. 
i.e. the day effect was quite small. (No significant day effect occurred for 
measurements of quantum efficiency (p = 0.26) or light compensation point (p = 
0.32).) I believe the small day effect was due at least partly to the warm 
temperatures in the lab just mentioned, but there may also have been a small change 
over the course of the experiments, as the trees were outdoors. They were not water 
stressed, though, and Rd was still higher than in other species, even at 22-25 °C. 
Schulze and Kiippers (1979) reported that the optimum temperature for photosynthesis 
in hazelnut is 25-28 °C. 
Sun plants grown in the shade show reduced Pina, Rd and LCP, but their 
quantum efficiency remains unchanged (Jackson, 1980). The mean quantum 
efficiencies for hazelnut leaves in the three treatments were not significantly different, 
and fall within the range for C3 plants (Table 3.1). Typical quantum efficiencies are 
0.07-0.045 mol CO2 per mol quanta for C3 plants (Jones,  1983). The hazelnut 
quantum requirement measured here is therefore about 23 mol quanta per mol CO2 
fixed, which is above the quantum requirement of 15 mol quanta per mol CO2 110 
reported previously (Harbinson and Woodward, 1984). Quantum requirements (in 
mol quanta per mol CO2) reported for other woody plants are: apple, 40; Asian pear, 
32; almond, peach, olive and fig about 17; grape 22-24; kiwifruit, 14-16; and 
cottonwoods 20-22 (Bassman and Zwier, 1991; Buwalda et al., 1992; Higgins et al., 
1992). Hazelnut seems fairly typical, and perhaps has a lower quantum requirement 
than pome fruit species. 
Stomatal conductance - The stomatal conductance (&) to water vapor varied within 
and among treatments for leaves growing in full sun, inside the canopy, or in 92% 
shade. Most leaves fell within the following ranges: control leaves 0.13-0.22 mol m-2 
s-1; 92% shade 0.17-0.23 mol m2 s-'; interior leaves 0.12-0.20 mol m-2 s 1.  At 
irradiances below about 300 Amol PAR m-2 st, stomatal aperture began to decline in 
all treatments. These conductances are fairly high for trees.  In apple, walnut, and 
olive, stomatal or leaf conductance is usually ._0.16 mol m-2 s-1 (I Akso, 1979; 
Proctor, 1981; Tombesi et al., 1983; Schaffer et al., 1984; Bongi et al., 1987). The 
hazelnut trees were well-watered, however. Well-watered specimens of Populus 
showed conductances of 0.20 mol m2 sl (Pezeshki and Hinckley, 1982). 
Harbinson and Woodward (1984) reported g, of 0.30-0.42 mol m-2 s-1 for hazelnut 
leaves. In European pear and several Pistacia spp., conductances exceeded 0.32 mol 
m2 s-1 (Kriedemann and Canterford, 1971; Lin et al., 1984). 
Wong et al. (1979) theorized that the leaf might optimize stomatal aperture to 
keep internal [CO2] relatively constant. The optimum stomatal aperture also would 
depend on the balance between carbon gain and water loss by transpiration (Mansfield 
and Davies, 1985). A high correlation may indicate that g, limits photosynthetic rate. 111 
For hazelnut, the correlation coefficients for P,, and g, were r=0.79 for control 
leaves, r=0.67 for interior leaves, and r=0.87 for leaves from 92% shade. Leaf or 
stomatal conductance was linearly related to P in apple (r =0.90) and walnut (r 
=0.95) (I akso, 1979; Tombesi et al., 1983; Schaffer et al., 1984). In three Pistacia 
spp., the relationship was curvilinear (r =0.57-0.77), and the investigators remarked 
that the same was true for Fagus sylvatica (Lin et al., 1984). The low correlation 
coefficient for hazelnut was probably due partly to inexact control of temperature, 
humidity and [CO2}. In addition, hazelnut leaves are large, and at high irradiances 
they may be subject to overheating. In well-watered plants, leaves may open their 
stomata wider than the optimum to enhance evaporative cooling and keep leaf 
temperature in a range favorable for photosynthesis. 
This latter hypothesis may also help to explain how g, could be higher in shade 
than sun leaves. The shade leaves had lower stomatal frequency (Fig. 3.1c), so one 
would expect them to have lower g,. With greater leaf area and fewer stomata per 
unit area, they may be even more susceptible to overheating at the "unaccustomed" 
high irradiances used in generating the light response curves. The shade leaves' 
cuticular resistance was probably lower than that of sun leaves. Although cuticular 
conductance is so small compared to stomatal conductance that it is usually ignored in 
cuvette -based measurements, the fact that it probably differed among treatments 
would contribute a small upward bias in conductance readings in shade-grown leaves. 
In summary, hazelnut is moderately efficient at photosynthesis when grown in 
full sunlight, but it demonstrates considerable capacity to adapt to shade. The P,,,,,, 
LCP and quantum requirement of sun-grown hazelnut leaves are similar to most other 112 
horticultural tree crops. In these experiments, shade-grown hazelnut displayed 
substantial phenotypic plasticity in morphological and physiological leaf characteristics 
associated with shade tolerance, while undergoing remarkably little reduction in light-
saturated photosynthetic rates. These abilities would maximize light capture at low 
irradiance without sacrificing the capability to respond to direct sunlight if it became 
available. In view of hazelnut's evolutionary success as an understory species, such 
changes are not surprising. Of course, potential Pi,,,, is not important if the leaf is in 
continuous shade, because it would never be light-saturated.  In a natural 
environment, such as a forest understory or interior and lower parts of a sunlit 
canopy, sun flecks and low-angle sunshine provide short periods of high irradiance. 
As in many orchard crops, canopy management would thus benefit net primary 
production in hazelnut mainly by increasing the light available for photosynthesis at 
leaf level. 113 
CHAPTER 4
 
THE REDUCTION OF HAZELNUT FLOWERING AND YIELD IN SHADE 
For submission to Journal of the American Society for Horticultural Science 114 
4.1. ABSTRACT
 
In hazelnut (Cory lus avellana L.), vigorous vegetative growth and traditional 
orchard practices that include little or no pruning combine to produce a dense, shady 
canopy. A study designed to quantify the effect of shade on reproduction in this 
shade-tolerant species was undertaken in order to assess whether canopy 
management might improve productivity. Shade cloth was used to exclude 30%, 
47%, 63%, 73% or 92% of ambient light from 'Ennis' and 'Barcelona' orchard 
trees from mid-May until harvest. Female inflorescence density declined by about 
one-third, and catkin density by 64-74%, in the most heavily shaded trees compared 
to control trees in full sunlight. Shade was more detrimental to yield than 
flowering. Shade strongly reduced both yield and yield efficiency, primarily by 
decreasing nut number, and secondarily by decreasing nut size.  In the most extreme 
shade regime, nut yield dropped by over 80%. Yield components were affected 
differently in the two cultivars. The incidence of moldy and poorly-filled nuts 
increased, and the incidence of blanks (nuts without kernels) decreased,  as shade 
increased. More attention to light management in hazelnut orchards seems 
warranted. 
4.2. INTRODUCTION 
Hazelnut canopies are dense, and attenuation of photosynthetically active 
radiation (PAR) is very rapid with depth in the canopy. Pruning is traditionally 
done on every fifth row in every fifth year, or not at all. Quantum sensor readings 115 
show that less than 5% of PAR penetrates to the base of the canopy. Analysis of 
fisheye photographs in 17- and 32-yr old orchards revealed that canopy closure 
occurs at about the end of May, and thereafter only about 20% sky is visible in the 
hemispheric photographs (A. Azarenko and J. Olsen, unpublished data). By 
defoliating whole trees and using the leaf weight:leaf area relationship obtained from 
a large subsample of leaves, leaf area density was estimated to be 7.6 for 10-yr-old 
trees (Hampson and Azarenko, unpublished data). 
Poor canopy illumination reduces flower bud formation, yield and quality in 
several fruit crops. Probably the best-studied species is apple, where minimum light 
requirements for fruit size, return bloom and fruit color have been established 
(Faust, 1989). Nut crops are also affected: shade decreases nut size and return 
bloom in walnut (Ryugo et al., 1980). Such knowledge has management 
implications e.g. for timing and severity of pruning and training, for tree spacing 
and tree size control. Canopy management to manipulate light penetration is now 
routine orchard practice for fruit crops, and has led to increased productivity, yield 
stabilization, and better fruit quality. 
Hazelnut is primarily an understory tree in its native habitat, the forests of 
Europe. Kull and Niinemets (1993) report that although hazelnut may grow in full 
sun in clearings, it is chiefly found in the shade.  For this reason, one might expect 
hazelnut to be more shade-tolerant than fruit crops native to sunny habitats. Jona 
(1985) states, however, that "well-illuminated branches [of hazelnut] bear from 11/2 
to 3 times more female inflorescences than do shaded ones". The dark canopies of 
hazelnut orchards may thus be a serious production concern.  I did not fmd any 116 
further information in the literature about the effect of shade on reproduction in 
hazelnut. 
Are the low irradiances typically found in hazelnut canopies depressing 
potential yield? How much shade is too much? Optimum canopy density depends 
on the tree's growth and fruiting responses at low light levels. To determine 
whether shade is a problem in hazelnut production, I excluded light from whole 
trees in the field, choosing a range of shade levels representative of those within 
natural canopies, and imposing shade in May, to mimic the estimated time of natural 
canopy closure. Because canopy management demands precise quantitative 
information about plant responses, I elected to impose known degrees of shade using 
commercially-available shade cloth. 
The basic objective was to quantify the effect of increasing shade  on hazelnut 
flowering, yield and nut quality. Because of its origin, I hypothesized that hazelnut 
would be more shade-tolerant than a crop like apple, but would still  be affected in 
very low light. 
4.3. MATERIALS AND METHODS 
Self-rooted `Ennis' hazelnut trees at the Oregon State University Vegetable 
Research farm near Corvallis, Ore., were used for the experiments.  The trees were 
planted in 1987 on a 3.1 m x 6.1 m spacing in north-south rows, with `Butler' 
pollinizers every sixth tree in every third row. Entire trees were enclosed in wood-
frame cages (2.4 m x 2.4 m x 2.4 m) covered with black polypropylene shade cloth 117 
(A.M. Leonard, Piqua, Ohio) to obtain 30, 47, 63, 73 or 92% light exclusion. 
Unshaded trees (0% light exclusion) served as controls. The design was a 
completely randomized one, with four replications. 
Quantum sensor readings (LI-COR, Lincoln, Neb.) taken from inside at the 
top of the cages indicated that the light exclusion was within 2% of the rated value. 
Shade cloth does not change the spectral distribution of the radiation transmitted 
(Lee, 1985). 
The shade cloth was installed at the end of May 1991 (Year 1), and removed 
in late September just before harvest.  (This was several weeks before natural leaf 
fall, but was done to facilitate harvest.) The trees were shaded to the base of the 
canopy. The same treatments were applied to the same trees in 1992 (Year 2), 
except that shade cloth was put in place on 7-12 May, because of the earliness of the 
season, and 0.6 m extensions were added to accommodate the increase in tree 
height. 
In 1993, the same treatments were applied to 4-yr-old 'Barcelona' trees in a 
commercial orchard near Millersburg, Ore. The trees were planted on a 2.7 m x 
5.5 m spacing in east-west rows, with a mixture of different pollinizers in solid rows 
every tenth row. Shade cloth was put on 13, 17-19 May and removed after harvest. 
Nut yield and quality were evaluated in 1991 and 1992 for 'Ennis' and in 
1993 for 'Barcelona.' All nuts were hand-harvested after nut fall. Trunk diameters 
were measured in January, and yield efficiency was obtained by dividing yield (kg 
per tree) by trunk cross-sectional area (TCSA). 118 
Samples of 100 nuts per tree were weighed, then cracked out for evaluation 
of kernel weight and defects. Defects included blanks (nuts without kernels), 
moldy, shrivelled or poorly-filled kernels, and miscellaneous defects. The 
"miscellaneous" category included nuts with filbertworms (Olethreutidae: Melissopus 
latiferreanus (Walsingham)), brown stain, rancid nuts, double kernels and black tips. 
The % kernel was corrected for the incidence of blanks as follows: % kernel = 
(kernel weight/(100-nut weight - weight of blanks)) x 100. 
Four large branches per tree were flagged before bloom for 'Ennis' in 1992 
and `Barcelona' in 1993. Flower density for male and female inflorescences  was 
recorded at bloom (Jan.-Feb.) as the number of nodes bearing  an inflorescence per 
cm2 of branch cross-sectional area (BCSA). BCSA was measured at the base of the 
3-yr-old wood. In late August (before nuts began to fall), the clusters on these same 
branches were harvested and counted to get the % nut set (defined as (number of nut 
clusters divided by the number of female inflorescences) x 100) and nut density 
(number of nuts per cm2 of BCSA). The mean of the four branches was used in 
regression analysis. For 'Barcelona', the number of nuts per cluster was also noted. 
Flowers were counted to the base of the 2-yr-old wood for four flagged limbs again 
in `Ennis' in 1993. 
PC-SAS (v. 6.03 and 6.04, SAS Institute, Cary NC) was used for all 
analyses. Variables were regressed against % shade, with the SAS general linear 
model (GLM) procedure, using the "lackofit" utility to determine the appropriate 
order of the equation. Residuals were checked for normality and were normally 
distributed except where noted otherwise. 119 
Incidences of the various nut defects were mostly below 10%, and as 
proportional data, they violated several assumptions of the GLM procedure (for e.g., 
normality of distribution, homogeneity of variance, continuous variables).  These 
data were analyzed by logistic regression using the procedure LOGISTIC in SAS. 
Mathematical odds, odds ratios and confidence intervals were calculated by hand 
from the regression lines and standard errors obtained from the analysis of the logit­
transformed data. 
4.4. RESULTS AND DISCUSSION 
Although inflorescence densities were highly variable, shade reduced both 
male and female inflorescence density in hazelnut. In the first year of shading, the 
density of female inflorescences (cymules) declined linearly as shade increased in 
both 'Ennis' and 'Barcelona' (Fig. 4.1a and c). For 'Ennis,' the decline in mean 
cymule density was more than one-third between the two most extreme shade 
treatments (from 18.2 to 11.8 per cm' BCSA), and mean cymule density was 
reduced by 20% even in 30% shade.  'Barcelona' produced fewer cymules than 
`Ennis' even in full sun, and cymule densities were more variable than in 'Ennis ' 
The percentage decline in mean cymule density in shade was similar in the two 
cultivars, however. 
Cymule densities were also recorded after the second season of shading in 
`Ennis '  Variation was even higher, and no relationship with shade was found 
(p =0.38). Reasons for this are uncertain. Since fewer flowers were produced after 120 
Fig. 4.1. Inflorescence density declines as canopy illumination declines for (a) 
female inflorescences (cymules) of 'Ennis' (b) male inflorescences (catkins) of 
`Ennis' (c) cymules and catkins of 'Barcelona.' BCSA = branch cross-sectional 
area.  Vertical bars represent standard errors.  Regression equations were as follows 
(where x = % shade)  Ennis year 1 (1991), 9 cm" BCSA = 17.56 - 0.068x ***, 
= 0.42; Ennis year 2 (1992), 9 cm' BCSA = NSD; Ennis year 1, d cm' BCSA 
= 16.65 - 0.15x ***, r 2 = 0.68; Ennis year 2, (V'd cm' BCSA) = 3.20 - 0.023x 
**, r 2 = 0.37; Barcelona 9 cm' BCSA = 10.25 - 0.038x **, r 2 = 0.26; 
Barcelona d cm' BCSA = 14.45 - 0.11x ***, r 
2  = 0.42. 121 
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the first year of shade, yield in the second year may have been better balanced with 
the tree's capacity to support reproduction, so perhaps flower bud formation (FBF) 
was less curtailed (there would be less competition between FBF and the nut crop). 
In 1993, cymule-bearing nodes were counted only to the base of the 2-yr-old wood. 
Since stems were thinner in the shade, fewer flowers would be needed to attain a 
similar flower density. Counts to the base of the 3-yr-old wood would likely have 
been more informative, in retrospect. 
Shade reduced flower density more severely for male inflorescences (catkins) 
than for cymules in both cultivars. After one season, 30% shade decreased mean 
catkin density in 'Ennis' by 20%, and in 92% shade, the reduction was 74% (Fig. 
4.1b). Average catkin density was similar for 'Barcelona' and 'Ennis' in full sun 
(Fig. 4.1b and c). The reduction in catkin density attributable to light exclusion was 
comparatively less in 'Barcelona' than in 'Ennis' the most severe shade treatment 
decreased mean catkin density by about 64%. 
Hazelnuts are self-incompatible, so a reduction in pollen production in the 
main cultivar in an orchard is not of great concern.  (In any case, pollen is produced 
in excess.) Low catkin production may have a differential effect on yield potential 
in these two cultivars, however. Female flowers are borne on the catkin peduncles 
in both cultivars, but in 'Barcelona' such flowers rarely set nuts, whereas in 'Ennis' 
they often do (Azarenko et al., 1994). Therefore, maximum yield potential of 
`Ennis' may be curtailed by low catkin production. 
After two consecutive years of shade, many individual branches of 'Ennis' 
had no catkins. The maximum mean catkin density observed among control trees 123 
was 13.0 per cm2 BCSA, or 80% of the mean catkin density of control trees in year 
1.  Since catkins were only counted to the base of the 2-yr-old wood in 1993, 
comments made on female inflorescence counts apply equally here. Catkin density 
underwent a linear reduction with increasing shade, as in the first year. The data 
from year 2 had to be transformed to normalize residuals in the regression, so the 
regression line is not shown in Fig. 4.1b, but the equation is specified in the Figure 
legend. In contrast to hazelnut, shade increases catkin initiation in walnut (Ryugo et 
al., 1985). 
The differential effect of shade on depressing male and female FBF resulted 
in a statistically measurable alteration in the sex ratio for 'Ennis' after one year of 
shade. The average male: female ratio on the flagged limbs declined from about 
unity in full sun to 0.35 in 92% shade (Fig. 4.2). No significant relationship 
between shade and sex ratio was observed for 'Ennis' in year 2, but the mean sex 
ratio fell below 0.75 for all treatments. Sex ratios for 'Barcelona' remained at 
approximately unity after shading (data not shown). 
Further research into factors controlling inflorescence density in hazelnut 
seems justified. The low r2 values for inflorescence densities indicate that much of 
the observed variation was not directly attributable to light exposure. The 
identification of some of the components responsible for this variation is desirable, 
both to help reduce experimental error in future studies, and as possible targets for 
manipulation to improve flowering and yield potential. Some genotypes of hazelnut 
(e.g. 'Barcelona') have a tendency for biennial bearing, less severe than in crops 
such as pecan and apple. The physiological basis for this is unclear, since hazelnut 124 
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Fig. 4.2. Sex ratio of male to female inflorescences in 'Ennis' after one season of 
shading. Vertical bars represent standard errors. Sex ratio = 1.04 - 0.0078x***, 
rs = 0.57, where x = % shade. 
bears only on 1-yr-old wood. Perhaps nut growth limits the production of 1-yr-old 
wood. Bienniality could contribute to variability in flower density. 
The possibility of altering sex ratios in favor of female flowers might also be 
explored. Pollen production is very metabolically "expensive" and a "waste" of 
resources for the main cultivar in an orchard. Perhaps these resources would be 
diverted to increasing female FBF or improving nut set if a genotype bore smaller 
catkins (or fewer catkins per cluster), or if maleness could be manipulated with plant 
growth regulators.  If the main cultivar produced little pollen, the reduction in 
environmental allergens for a concentrated growing area like the Willamette valley 125 
would not be trivial.  Eliminating male flowers entirely would naturally not be 
desirable if many cultivars set nuts on catkin peduncles. 
Shade reduced FBF, but hazelnut appears to be much less sensitive than other 
crops, as might be expected for an understory tree. Continuous 92% shade reduced 
female FBF by less than 40%. Return bloom on shaded walnut spurs inside the 
canopy (experiencing < 30 Amol PAR n12 s4) was 26% for bearing or 53 % for 
non-bearing spurs (Ryugo et al., 1980). Kiwifruit subjected to continuous 70% 
shade before the end of July did not flower at all the next year (Fabbri et al.,1992). 
Peach under 91% shade from mid-June to late September had flower densities only 
9% of control values (Marini and Sowers, 1990). In apple, continued flowering 
requires that there be no more than 70% shade in the canopy (Gur, 1985). 
The detrimental effect of poor illumination may vary among cultivars. The 
differential effect of shade on male and female FBF implies that cultivars that set 
well on catkin-peduncle flowers may incur relatively greater losses in yield potential 
than ones that set only on stem flowers. In evaluating the flowering habit of 
advanced selections from the Oregon State University hazelnut breeding program, 
Azarenko and McCluskey (unpublished data) have found that the best-yielding 
genotypes seem to be the ones that set well on both types of flowers. Whether this 
habit will provide more "yield insurance"  or greater susceptibility to poor FBF in 
the shade remains to be seen. 
This study did not attempt to define the effect of timing or duration of shade 
on reproductive potential. May through July is the obvious critical period because 
FBF (both sexes), vigorous vegetative growth, nut set and the onset of rapid nut 126 
enlargement are all competing for photosynthate during this time. Shade studies 
have identified important periods for flower bud initiation in peach and kiwifruit 
(Marini and Sowers, 1990; Snelgar et al., 1992) when within-canopy shading is 
particularly detrimental. Summer pruning can be used to improve light penetration 
into the canopy in peach. Summer pruning may not be cost-effective in hazelnut, 
but winter pruning to maintain a more open canopy may be beneficial, in view of 
the yield losses incurred in shade. 
Yield per tree and yield efficiency (YE  = kg cm-2 TCSA) were strongly 
reduced by shade for both cultivars, and in both years for 'Ennis' (Fig. 4.3).  In the 
first year of shade, 'Ennis' yielded 45% less in 30% shade than in full sun, and 
82% less in 92% shade. Relative yield reductions were nearly the same in year 2, 
though yields in most treatments were slightly lower in absolute terms. The drop in 
yield for 'Barcelona' was less severe at moderate shade levels (e.g. a 29% drop in 
30% shade), but similar in severe shade, to that found for 'Ennis ' The observed 
decline in yield efficiency (Fig. 4.3b) means that the loss in yield was greater than 
would be expected due to smaller tree size alone. In other words, shade is more 
detrimental to yield than to vegetative growth. 
How does shade reduce yield? One component of yield is nut weight. The 
decrease in mean in-shell nut weight with shade is depicted in Fig. 4.4a. For 
`Ennis,' the relationship was quadratic the first year and linear the second, and for 
`Barcelona,' it was linear. The difference in nut weight between cultivars reflects 
the larger nut size of 'Ennis.' The relative reduction in 'Barcelona'  nut weight in 
92% shade (26%) was similar to that found in year 2 for 'Ennis ' A similar decline 127 
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Fig. 4.3. Shade reduces (a) yield per tree and (b) yield efficiency (YE) in 'Ennis' 
and 'Barcelona.' TCSA = trunk cross-sectional area. Vertical bars represent 
standard errors. Regression equations (where x = % shade) were as follows. Ennis 
year 1, yield = 3.29 - 0.050x + 0.00025x2 ***, r 2 = 0.85; Ennis year 2, yield = 
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Fig. 4.4. The influence of increasing shade on (a) mean nut weight (b) mean kernel 
weight (c) % kernel of 'Ennis' and 'Barcelona' hazelnuts. Vertical bars represent 
standard errors. Regression equations (where x = % shade)- Ennis year 1, nut
weight = 3.81 + 0.0026x - 0.00018x2***, r 2 = 0.84; Ennis year 2, nut weight = 
4.51 - 0.011x ***, r 2 = 0.77; Barcelona, nut weight = 3.58 - 0.0090x***, r 2 = 
0.79; Ennis year 1, kernel weight = 1.70 + 0.0020x - 0.0000073x2***, r2 = 
0.73; Ennis year 2, kernel weight = 2.00 + 0.0010x  0.000046x2***, r 2 = 0.71; 
Barcelona, kernel weight = 1.59 - 0.0031x ***, r 2 = 0.76; Ennis year 1, % kernel 
= 45.2 + 0.056x ***, r 2 = 0.74; Ennis year 2, % kernel = 44.1 + 0.064x ***, 
r 2 = 0.79; Barcelona, % kernel = 40.3 + 0.035x ***, r 2 = 0.47. 129 
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Fig. 4.4. 130 
in nut size was observed when size was gauged by volume, using commercial nut-
sizing screens (Appendix 1). 
Average nut weight was higher in the second year of shading for 'Ennis.' 
The difference probably arises from a combination of factors, including weather 
differences between the two years and the tree's adjustment of crop load to resource 
availability in the second year. After the first year of shade, fewer flowers  were 
produced.  If this translates to fewer nuts, the constraints on bringing those nuts to 
normal size would be less severe.  Seasonal differences may also be partly 
responsible for the difference in curve shape between years for the 'Ennis' data. 
Comparison of in-shell nut weight does not account for differences in the 
incidence of blanks, shell thickness or poorly-filled kernels. Mean kernel weight 
was a very stable characteristic in both cultivars: the coefficient of variation among 
trees within a treatment was typically less than 5%. Shade had little effect (a 
reduction of 15 % or less) on mean kernel weight except in the one or two most 
severe shade treatments (Fig. 4.4b). 
Kernel mass was less affected than nut mass by low light in the canopy. A 
small increase in the % kernel resulted. The % kernel increased linearly as shade 
increased (Fig. 4.4c). Percent kernel reflects both shell thickness and the proportion 
of the nut cavity filled by the kernel. In these experiments, shells were noticeably 
thinner in deep shade.  I did not attempt to measure how much of the shell was 
filled by kernel, but poorly- filled nuts were more common in the shade. The % 
kernel was corrected for blanks here. Failure to do so made the relationship 
between shade and % kernel statistically undetectable. 131 
The influence of shade on fruit yield and size has received less attention in 
nuts than in fruits. Nuts show much less variation in size than fleshy fruits. Shade 
reduced nut weight slightly in walnut (Ryugo et al., 1980). Although nut size and 
% kernel are stable varietal characteristics in hazelnut (Mehlenbacher, 1991a), 
results here demonstrate that shade reduces average nut weight. Shade reduces 
kiwifruit size and number significantly (Snelgar et al., 1991, 1992). Heinecke 
(1966) estimated that more than 50% full sun was needed to maintain adequate fruit 
size in apple. Heavy (89%) shade decreased yield of apple more than 50% after one 
year, affecting fruit size, number and weight, and virtually eliminated cropping in 
the second year (Jackson and Palmer, 1977b). Generally fruit size and number are 
inversely related in tree fruits. 
Flower densities were assumed to be equal among the 'Ennis' trees prior to 
the shading experiment, because all trees grew in full sunlight in previous years. 
The yield reductions in the first season were therefore inferred to arise from a 
combination of low nut set and reduced nut weight, since 'Ennis' sets nearly all 
single-nut clusters. 
The relationship among yield components was examined in 'Barcelona' and 
in the second year of the study with 'Ennis.' Yield components in hazelnut include 
cymule density, % nut set, number of nuts per cluster, and nut weight. In 
`Barcelona,' yield losses could be largely accounted for by observed changes in 
these yield components. Yield efficiency differences were mirrored by a drop in nut 
density on the flagged limbs (Fig. 4.5b). Cymule densities were measured the year 
before shading and were not significantly different among the trees (p=0.31). Nut 132 
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Fig. 4.5. Increasing shade reduces nut density in (a) 'Ennis,' year 2 and (b) 
`Barcelona' hazelnuts. BCSA = branch cross-sectional area.  Vertical bars 
represent standard errors. Note the difference in scale on the y-axis. Regression 
equations (where x = % shade): Ennis nut density  = 8.50 - 0.43x ***, r2 = 0.40; 
Barcelona nut density = 23.61 - 0.15x ***, r 2 = 0.49. 133 
set varied from 52-61% for all light regimes, except in 92% shade, where mean nut 
set was about 30% (Fig. 4.6).  'Barcelona' responded to shade by altering the 
number of nuts per cluster (Fig. 4.7). 
Treatment means could be used to derive close approximations to observed 
yields in 'Barcelona' (Table 4.1). For the 30% shade treatment, estimated 
proportional yield was calculated as cymule density x nut set x nuts per cluster x nut 
weight, to obtain 1.0 x 0.93 x 0.95 x 0.87 = 0.77 x control-tree yield, and actual 
yield was 0.72 x control. Approximations were also fairly close for the other light 
regimes (Table 4.1). 
For 'Ennis,' yield component data were only available for year 2. The drop 
in yield in year 2 followed the same pattern as in year 1, as already noted (Fig. 
4.3a). Average nut density fell more than 50% in 92% shade, from 7.76 nuts cm' 
BCSA to 3.68 nuts cm' BCSA (Fig. 4.5a). However, no significant reduction in 
nut set was observed (Fig. 4.6). Mean nut set varied from 36-44% in all the light 
environments, except 92% shade, where average nut set was 27%. The mean 
number of nuts per cluster was approximately 1.1-1.2 in all cases. 
Rough calculations based on treatment means indicated that reductions in 
measured yield components were not sufficient to account for the yield loss observed 
in 'Ennis,' unlike 'Barcelona.' The high variation in nut set and cymule density 
data might preclude estimation of predicted yields from treatment means. 
Alternatively, the reason could lie in the way cymule density was calculated. 
Cymule counts were divided by BCSA, a common method of correcting for 
differences in branch size. Since branch diameter decreased in the shade, the 134 
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0.66, where x = % shade. Table 4.1. Predicted and actual yields for shaded 'Barcelona' trees, based on treatment means for yield 
components relative to control (unshaded) trees. 
Cymule  Nuts Per  Predicted 
Shade (%)  Density  Nut Set  Cluster  Nut Weight  Yield  Actual Yield 
30  1.00  0.93  0.95  0.87  0.77  0.71 
47  1.00  0.85  0.81  0.84  0.58  0.56 
63  1.00  0.89  0.68  0.82  0.50  0.39 
73  1.00  0.91  0.67  0.83  0.52  0.41 
92  1.00  0.49  0.63  0.74  0.23  0.29 136 
denominator was smaller in shaded trees.  Counting flower density as inflorescences 
per m of 1-yr-old wood may not have improved yield predictions, because shaded 
trees also appeared to produce much less new wood. Shade probably depresses 
yield both by decreasing reproduction (FBF, nut set, nut weight, etc ) and by 
decreasing the vegetative growth needed to support reproduction (photosynthesis, the 
amount of 1-yr-old wood available for initiating inflorescences, etc.). Thus, one 
yield component may still be missing from the equation after the first year of shade: 
a measure of the total available 1-yr-old wood. 
A more rigorous study of yield components in consistently high- and low-
yielding hazelnut genotypes might be informative. Perhaps attention could then be 
directed toward the components most closely associated with high yield. But first, 
identification of factors contributing to variability in certain yield components 
(especially nut set and inflorescence density) is desirable, both to reduce sampling 
required and because such factors might be subject to cultural manipulation. 
The types and proportions of nut defects varied with cultivar and year but 
some trends emerged. Poorly-filled nuts, blanks and moldy kernels were the most 
prevalent defects in 'Ennis' (Fig. 4.8a and b). The proportion of defects was much 
higher in 'Barcelona': blanks and poorly-filled nuts were the most common defects 
(Fig. 4.8c). The incidence of blanks was near 20% for 'Barcelona,' except in the 
two most shaded treatments. One possible reason for the high proportion of blanks 
in 'Barcelona' is that it is a translocation heterozygote (Salesses and Bonnet,  1988). 
Doubles were far more common in 'Barcelona' than 'Ennis,' comprising a fairly 
consistent 1-3% of the nuts.  "Doubles" is a highly heritable defect (Mehlenbacher 137 
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et al., 1993). An astonishing 45% of the 'Barcelona' nuts were defective in some 
respect under 92% shade (Fig. 4.8c). 
Increasing shade was associated with a lower incidence of blanks in both 
cultivars. Regression equations for odds on the logit-transformed data are noted in 
Table 4.2. Odds ratios (relative to full sun) and 95% confidence intervals are in 
Table 4.3. The odds of a blank were halved in 92% shade compared to full sun for 
`Ennis,' and nearly halved for 'Barcelona.' 
Shade was also associated with an increased incidence of moldy kernels in 
`Ennis' (Table 4.3), but not `Barcelona.' The odds of a moldy nut were 7.5 and 3.3 
times as high in deep shade as in full sun, depending on the year. Although the 
tendency for moldy kernels is heritable, environmental conditions also appear to be 
involved (Mehlenbacher, 1991a). 
In the first year of shade, the combined incidence of poorly-filled and 
shrivelled `Ennis' nuts increased significantly in shade (Table 4.3).  (Note: In year 
1, no distinction was made between poorly-filled and shrivelled nuts; however, the 
incidence of shrivelled nuts was very low (approx. 1%). These two defects were 
categorized separately in 1992 and 1993.) The following year no relationship was 
found, possibly because the more favorable season reduced the total incidence of 
these defects (Fig. 4.8b). Mehlenbacher et al. (1993) also observed year-to-year 
differences in the incidence of poorly-filled nuts during an extensive survey of 
hazelnut defects in different cultivars. Small kernels were associated with 
overcropping or tree stress during nut fill.  In `Barcelona,' the incidence of poorly-
filled nuts also increased as shade increased (Table 4.3). Odds ratios were 139 
Table 4.2. Regression equations for the incidence of different nut defects in the 
shade. In the equations, x = % shade. 
Type of defect 
Ennis 1991 - moldy 
blank 
poor fill 
total 
Ennis 1992 - moldy 
- blank 
Barcelona 1993 - blank 
- poor fill 
- total 
Regression line for logit-transformed data 
ln(Pi/1-131) = -5.3164 + 0.0219x 
= -2.5228  0.0097x 
= -4.4152 - 0.019x + 0.00043x2 
= -2.2897 - 0.012x + 0.000194x2 
= -4.7324 + 0.013x 
= -3.1495 - 0.0085x 
= -1.5816 + 0.0144x - 0.00022x2 
= -2.4939 - 0.002x + 0.000156x2 
= -0.7861  + 0.00569x 140 
Table 4.3. Odds ratios (with lower and upper confidence intervals in parentheses) 
for the incidence of different nut defects in shade compared to full sun. 
Shade (%) ,  -
Ennis  Moldy Year 1  Blank Year 1  Poor Fill Year 1 
30  1.9 (1.3, 2.9)  0.75 (0.61, 0.91)  0.83 (0.22, 3.1) 
47  2.8 (1.5, 5.2)  0.63 (0.46, 0.87)  1.1 (0.28, 3.9) 
63  4.0 (1.7, 9.2)  0.54 (0.36, 0.82)  1.7 (0.45, 6.2) 
73  5.0 (1.9, 13)  0.49 (0.30, 0.80)  2.5 (0.66, 9.2) 
92  7.5 (2.2, 25)  0.41 (0.22, 0.75)  6.6 (1.8, 25) 
Ennis  Moldy Year 2  Blank Year 2 
30  1.5 (1.2, 1.9)  0.77 (0.67, 0.95) 
47  1.8 (1.3, 2.6)  0.67 (0.53, 0.85) 
63  2.3 (1.4, 3.7)  0.59 (0.43, 0.80) 
73  2.6 (1.5, 4.5)  0.54 (0.37, 0.78) 
92  3.3 (1.6, 6.7)  0.46 (0.29, 0.73) 
Barcelona  Poor Fill Year 1  Blank Year 1  Total Year 1 
30  1.1 (0.78, 1.5)  1.3 (0.84, 1.9)  1.2 (1.1, 1.3) 
47  1.3 (0.87, 1.9)  1.2 (0.73, 2.0)  1.3 (1.1, 1.6) 
63  1.6 (1.1, 2.5)  1.0 (0.62, 1.7)  1.4 (1.1, 1.8) 
73  2.0 (1.3, 3.0)  0.89 (0.60, 1.6)  1.5 (1.1, 2.0) 
92  3.1 (2.1, 4.7)  0.58 (0.33, 1.0)  1.7 (1.2, 2.4) 141 
somewhat lower than for 'Ennis' in year 1, but the absolute incidence of poorly-
filled nuts was actually much higher in 'Barcelona,' exceeding 20% in the most 
extreme shade (Fig. 4.8c). 
The total incidence of defects in 'Ennis' and 'Barcelona' increased 
significantly with increasing shade in the first year (Table 4.2 and 4.3). For 
`Ennis,' the increase was attributable to the high frequency of defects in 92% shade, 
because no significant relationship was observed if that treatment was omitted from 
the analysis. 
One defect not quantified was a peculiarity in the shells of 'Ennis' nuts. A 
darkened band in the shape of a constriction around the nut was frequently seen in 
the most severe shade treatments, but rarely or never in nuts from trees in full sun 
and slight shade. The shell in this zone was extremely thin, but the kernels were 
not necessarily misshapen. This defect did not occur in 'Barcelona.' 
To conclude, irradiances in the topmost part of the canopy under current 
pruning regimes are more likely to reduce yield than FBF in hazelnut. Fruiting 
wood probably experiences lower irradiance than the wood initiating flower buds 
(the current year's growth), because attenuation of PAR is very rapid with depth in 
the canopy. In addition, yield was more sensitive to shade than was FBF in this 
study: in the least severe shade regime (30% shade), mean yield dropped by 30­
45%, while female FBF dropped only about 20%. 
The decrease in yield under slight to moderate shade was caused mainly by a 
reduction in nut number in the first year of shading, although some decrease in nut 
weight accompanied these changes. The two cultivars adjusted nut number in 142 
different ways. 'Ennis' almost certainly adjusted nut number by decreasing nut set 
(year 1), and 'Barcelona' produced fewer nuts per cluster. In deep shade,  nut 
weight also decreased substantially. Nuts were also more likely to be defective in 
deep shade, and especially to be moldy or poorly-filled. In the second year, a 
combination of declining vegetative growth, fewer flowers, fewer nuts and lower nut 
weight contributed to the low yields in 'Ennis ' 
To quantify how different degrees of shade influence reproductive potential, I 
shaded whole trees. Yield reductions in an orchard would never be as severe as 
those found here because the top of the tree would always receive full sun. Large 
losses in yield and reproductive potential (FBF, nut set, etc.) are, however, likely in 
lower portions of the canopy (self-shading), and wherever the canopy is shaded by 
adjacent rows or adjacent trees within a row. 
More attention to light management in hazelnut orchards seems warranted. 
Opening the canopy by judicious winter pruning to thin the branches may help raise 
the number of nuts set, improve FBF and/or help stabilize yield. Better illumination 
may also reduce the incidence of poorly-filled or moldy kernels. The facts that 
hazelnut bears on 1-yr old wood and exhibits low apical dominance are probably 
advantages for canopy management. In many old orchards, the fruiting canopy lies 
some 15 m off the ground, rendering certain aspects of good management rather 
difficult (e.g. adequate coverage with the occasional pesticides required, monitoring 
young shoots for signs of eastern filbert blight). Keeping the canopy closer to the 
ground is desirable. 143 
The economic feasibility of annual pruning depends on the relative prices for 
labor and hazelnuts.  I do not envision the intensive pruning required in crops such 
as apple. Upcoming cultivar releases are aimed at making the Oregon industry 
competitive in the kernel market. Such cultivars may command higher nut prices, 
and tip the balance in favor of pruning 144 
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5.1. ABSTRACT
 
Scanning electron and fluorescence microscopy  were used to describe pollen-
stigma interactions during compatible and incompatible pollinations of hazelnut 
(Corylus avellana L.), a species possessing sporophytic self-incompatibility.  The 
stigmatic surface is of the dry type and was covered with elongate rounded papillae. 
Both compatible and incompatible pollen hydrated within 2 hours of pollination. 
Compatible pollen tubes emerged by 4 hours and grew into the style by 12 hours 
after pollination. Penetration of stigmatic papillae appeared to be intracellular in 
some cases.  In incompatible pollinations, however, pollen tube emergence was 
delayed until at least 8 hours. The pollen tubes were distorted and did not penetrate 
the stigma. 
5.2. INTRODUCTION 
Hazelnut (Cory lus avellana) trees are anemophilous, monoecious, self-
incompatible, and usually dichogamous. Most cultivars grown in the U.S. are 
protandrous and bloom in mid-winter (December to February) in Oregon. The male 
flowers are borne in catkins. Female inflorescences lack a perianth, and appear as a 
tuft of red stigmatic styles protruding from the apex of compound buds borne 
laterally or terminally on shoots, or on catkin peduncles. Each female flower bears 
two styles, and a bud contains a cluster or cymule of 4 to 16 flowers  (Thompson, 
1979a). Female flowers are receptive at the time of emergence and remain so for 
up to 3 months if pollination is prevented (Thompson, 1979a). 146 
Cross-pollination is required for good nut set in hazelnuts. At least two 
different pollinizers are recommended for commercial production to ensure that a 
sufficient amount of viable, compatible pollen is present when needed since  flowers 
continue to emerge for several weeks. In addition,  warm weather at flowering alters 
dichogamy by accelerating pollen release more than style exsertion, and must be 
considered during pollinizer selection. The selection of pollinizers  is further 
complicated by the presence of sporophytic self-incompatibility (SSI). 
Self-incompatibility, a genetic mechanism enforcing outcrossing and most 
frequently controlled by a single multi-allelic locus (the S-locus), is widespread in 
angiosperms (Gaude and Dumas, 1987; Hes lop-Harrison, 1975). Pollen grains 
expressing an S-allele that is also expressed in the recipient pistil  are rejected. 
There are two main kinds of homomorphic self-incompatibility, gametophytic 
and sporophytic (Gaude and Dumas, 1987; Hes lop-Harrison, 1975; Nasrallah et al., 
1991). In gametophytic self-incompatibility (GSI), the pollen's own haploid S-
genotype is expressed, and pollen tube growth is retarded in the style of flowers 
bearing the same S-allele. GSI is present in Rosaceae, Solanaceae, Liliaceae, and 
many other families. Fewer families are known to possess sporophytic self-
incompatibility (SSI). In SSI, S-expression in pollen is controlled by the parental 5­
genotype. This is believed to be accomplished by the transfer of tapetal proteins, 
including recognition factors, to cavities in the pollen grain wall during 
microsporogenesis. SSI is more complex than GSI because dominance and co­
dominance of alleles can occur in pollen, and the dominance hierarchy may differ in 
pollen and pistil.  In SSI, incompatible pollen tubes are arrested on the stigma. In 147 
Brassica, impaired adhesion and hydration have also been reported in incompatible 
pollinations (reviews Gaude and Dumas, 1987; Nasrallah et al., 1991). SSI is 
correlated with "dry" stigmas (those bearing an adhesive proteinaceous pellicle 
lacking copious fluid), and with tricellular, short-lived pollen (Brewbaker, 1957).  It 
occurs in Brassicaceae, Compositae, and some other families. 
Hazelnuts show SSI (Thompson, 1979b). In all genotypes examined thus far, 
S-alleles are codominant in the style and either dominant or codominant in the pollen 
(Mehlenbacher and Thompson, 1988). Because of dominance relations, reciprocal 
differences in incompatibility may occur between cultivars, further complicating 
pollinizer selection. Hazelnuts are an exception to Brewbaker's (1957) correlation, 
because unlike typical SSI plants, they have bicellular, potentially long-lived pollen 
(Hes lop-Harrison et al., 1986). Pollen cytology and germination in vitro have been 
described (Hes lop-Harrison et al., 1986). 
Knowledge of pollen-stigma interactions in SSI is drawn largely  from 
observations on herbaceous annuals (crucifers and composites). The behavior of 
hazelnut pollen was of interest since it has atypical pollen cytology for SSI (Hes lop-
Harrison et al., 1986), and because reports conflict as to whether or not pollen 
germinates on incompatible styles (Hes lop-Harrison, 1986; Thompson, 1979b). Our 
objective was to examine early pollen-stigma interactions of hazelnut, including the 
appearance of the stigma, the presence of exudate, and the presence and timing of 
pollen hydration, germination, and pollen tube penetration in compatible and 
incompatible pollinations in order to better characterize  incompatibility in this 
species. 148 
5.3. MATERIALS AND METHODS
 
Hazelnut trees were emasculated and enclosed in cages (2.4 m x 2.4 m x 2.4 
m), which were covered with white polyethylene on 13 Dec. 1991 to prevent 
pollination. The trees were located at the Vegetable Research  Farm, Corvallis, Ore. 
Branches bearing female flowers were excised from caged trees, brought to the 
greenhouse in plastic bags, recut under water, and kept in flasks with the cut ends in 
water. Care was taken not to moisten or bruise the flowers. 
Flowers were placed in microporous specimen containers and fixed in 5 parts 
37% formaldehyde: 5 parts glacial acetic acid: 90 parts 70% ethanol (by volume) 
(FAA) at room temperature for at least 2 h, then dehydrated in 50, 70, and 100% 
water/acetone solutions, followed by 50, 70, and 100% acetone/trichlorotrifluoro­
ethane solutions at 20 min or more per change. Samples were critical point dried 
with monochloro-trifluoromethane in a Balzer CPD-020 dryer, mounted on 
aluminum planchettes with DUCO cement (Devcon Corp., Wood Dale, IL 60191), 
and coated with 200 nm of 60/40 (by weight) gold/palladium alloy in a Varian VE­
10 vacuum evaporator at 1.33 mPa. The flowers were viewed on an Am Ray 1000A 
scanning electron microscope (SEM) operated at 7 or 10 kV in the Electron 
Microscope Facility (Department of Botany and Plant Pathology, Oregon State 
University). Samples that became charged in the SEM under these conditions were 
re-coated with about 15 nm of gold in an Edwards S150B sputter coater at 1.33 Pa. 
Another set of flowers fixed in FAA were checked for evidence of pollen tube 
growth in the style.  Styles were squashed in aniline blue dye (Thompson,  1979b) 149 
and examined with a Leitz Labor lux S fluorescence microscope equipped with a UV 
light source. Cal lose fluoresces under these conditions. 
A preliminary experiment was conducted with 'Barcelona'  trees on 22 Jan. 
1992 to compare fresh and fixed sample appearance, and to determine whether 
ambient laboratory conditions induced stylar desiccation. In this study, some styles 
were examined before pollination and within 1 h of excision. Pollinated and 
unpollinated styles were also examined after 2 h at ambient conditions (about 25 °C) 
with or without being covered with plastic bags to retard desiccation. Electron 
microscopy was performed as outlined previously, except that samples were 
observed at 5 kV. Specimens kept at ambient lab conditions underwent an 
unacceptable degree of desiccation and extensive papillar collapse within 2 h whether 
pollinated or not, but drying was prevented by covering with plastic bags. 
`Ennis' hazelnut trees planted in 1987 were used in the main experiment. On 
15 Feb. 1992, a number of branches sufficient to obtain 250-300 pistillate buds were 
cut, placed in plastic bags, and brought immediately into a greenhouse. The 
greenhouse was equipped with misting devices and was maintained at 18 °C/15.5 °C 
day/night under natural light. The branches were re-cut under water, placed in 
flasks of water, and divided into three groups. One set was pollinated, using the tip 
of the smallest finger, with compatible (Willamette') pollen, one with incompatible 
(`Ennis') pollen, and the last (control) was touched but not pollinated. The flasks 
were put on the greenhouse floor under three wooden frames draped with plastic 
such that the branches were in a humid environment but without direct exposure to 150 
the mist jets. Flowers were sampled at various intervals from 2 h up to 28 h after 
pollination. The experiment was repeated on 17 Feb. and 20 Feb. 1992. 
Pollen, obtained by allowing mature catkins to dehisce overnight in the 
laboratory, was stored at -20 °C before use. Percent germination, scored after 16 h 
on a 20% sucrose medium solidified with 1% agar (Kim et al., 1985), was 59% for 
`Ennis' and 76% for 'Willamette.' Such values are in the normal range for these 
varieties. 
5.4. RESULTS AND DISCUSSION 
Comparison of fresh and fixed samples. The entire stylar surface was covered with 
rounded, basally-attached papillae and appeared to be of the "dry" type (without 
copious fluid exudate) on fresh samples, consistent with other species having SSI 
systems (Fig. 5.1a). Fixed, coated specimens did not show the differences in 
surface tones visible on fresh samples, and sometimes slight wrinkling of papillar 
tips occurred, but their general appearance was only slightly affected by fixation 
(Fig. 5.1b). There was no evidence on these specimens of discrete patches of 
electron-lucent and electron-dense materials such as found by Wetzstein and Sparks 
(1989) on pecan stigmas. 
Several differences were noted between fresh and fixed samples. Moderate 
papillar collapse was observed on many fresh, uncoated specimens (with or without 
pollination), but rarely on fixed samples. Whether the collapse was induced by the 
vacuum in the electron microscope, or papillae became "plumped up" again during 151 
Fig. 5.1. Scanning electron micrographs of the stigmatic surface of a hazelnut 
flower prior to pollination.  (a) Fresh, uncoated specimen in Am Ray 1000A SEM. 
No fluid exudate is discernible on the surface.  (b) Fixed, coated specimen in 
Am Ray 1000A SEM. (c) Fresh, uncoated stigmatic surface of an unpollinated 
hazelnut flower in Hitachi S-4100 SEM. Note differences in the color  contrast on 
the papillar tips, not visible in Figure 5.1a or 5.1b. Bar size  = 10 Am. 152 
passage through the fluid fixatives, or both was not clear. In contrast, the 
appearance of dry (collapsed) or hydrated (plump) pollen on stigmas was not altered 
by the fixation process (data not shown). Some of the applied pollen was lost 
during fixation, as experienced by previous workers (Hes lop-Harrison et al., 1986; 
Thompson, 1979b), but much remained attached. Uncoated, pollinated stigmas 
frequently became charged and difficult to photograph after several minutes in the 
SEM. 
On 11 Feb. 1992, we viewed a limited number of fresh, uncoated 'Ennis' 
flowers in a Hitachi model S-4100 field emission SEM (operated at 1.0 kV) during a 
demonstration hosted by Palmborg Associates, Inc. of Mercer Island, WA.  An 
unpollinated stigma surface is shown in Fig. 5.1c. The high contrast visible on the 
papillar surface is caused by some difference in electron-scattering properties, such 
as a difference in hydration. The change is quite discrete and was not visible on 
uncoated samples viewed in our SEM (Fig. 5.1a). Hes lop-Harrison et al. (1975) 
observed discontinuities in the cuticle at papillar tips in species with dry stigmas, 
and proposed that they conducted water to the hydrating pollen grains when the 
papillae were turgid. Such discontinuities may alter the electron-scattering 
properties of the papillar tips and produce changes visible with sophisticated 
equipment. Moderate papillar collapse also occurred on fresh samples in the Hitachi 
SEM (data not shown). 
Dry, uncoated pollen (Fig. 5.2a) did not differ in appearance from coated 
samples observed previously (data not shown). The pollen is triporate with circular 
pores as previously described (Hes lop-Harrison et al., 1986). The exine surface is 153 
Fig. 5.2. Fresh, uncoated hazelnut pollen.  (a) Appearance of pollen after release 
from anthers. Bar size = 10 Am. (b) Microechinate surface of pollen grains (bar 
= 10 Am) and higher-magnification view of boxed area (bar = 1 Am). 
microechinate (Fig. 5.2b) (MiOiO et al., 1988),  a feature shared by pecan, another 
wind-pollinated species (Wetzstein and Sparks, 1985). 
The use of fixed, coated specimens in our main study therefore imposed 
certain limitations. We could not describe pellicle characteristics because  some 
surface detail was not visible on fixed samples.  Papillar collapse, observed as a 
consequence of pollination in Carya (Wetzstein and Sparks, 1989), Raphanus 
(Dickinson and Lewis, 1973a) and many other species, could not be interpreted 
unambiguously. Nevertheless, we are confident that gross morphological events, 154 
such as pollen tube emergence and penetration, could be described adequately from 
fixed and coated samples. 
Time course of compatible and incompatible pollination. The cool, humid 
conditions in the mist greenhouse prevented stylar desiccation and more closely 
resembled field conditions during hazelnut flowering than did the laboratory 
environment. Field temperatures at flowering are normally lower than those in the 
greenhouse, however, and may retard the events described here. 
A cluster of unpollinated styles is shown in Fig. 5.3a. The stylar surfaces 
were covered with plump, elongated papillae (Fig. 5.3b). No contaminating pollen 
was seen on any of the unpollinated flowers, and the papillae showed no signs of 
desiccation over the course of the experiment. 
Two hours after pollination, most of the compatible pollen had hydrated and 
a few grains showed protruding pores, an early sign of germination (Fig. 5.4a). By 
4 h after pollination, many pollen tubes had emerged (Fig. 5.4b), and some 
appeared to be penetrating papillar cells. Pollen tubes did not necessarily emerge 
from the pore nearest the stigma, a situation also observed in Raphanus  (Dickinson 
and Lewis, 1973a). An unknown substance adhering to some pollen tubes and 
papillae was visible (Fig. 5.4b, arrows). 
Due to the high relief of the stigmatic surface, determination of the site of 
pollen tube penetration and whether a tube was penetrating a papillar cell or merely 
appressed to it was sometimes difficult.  Fig. 5.4c illustrates that penetration of the 
papillae is intracellular at least some of the time. In crucifers, pollen tubes penetrate 
the papillar cell wall and grow to the base without entering the protoplast (Dickinson 155 
Fig. 5.3. Fixed, coated stigmatic surface of unpollinated hazelnut  flowers. 
(a) View of whole inflorescence, showing a cluster of stigmatic styles emerging 
from apex of bud. Bar size = 100 pm. (b) Stigmatic surface,  bearing numerous
papillae, as viewed from tip of style. Bar size = 10 pm. 156 
Fig. 5.4. Fixed, coated stigmatic surface of hazelnut flowers after pollination with
compatible pollen.  (a) 2 h after pollination. Pollen has hydrated.  (b) 4 h after
pollination. Several pollen tubes have emerged. An unidentified substance can be 
seen adhering to some pollen tubes (arrows).  (c) Pollen tube penetrating papilla, 8 h 
after pollination.  (d) Germinated pollen 12 h after pollination.  Bar size in each 
photo = 10 µm. 
and Lewis, 1973a; Kanno and Hinata, 1969; Nasrallah et al., 1991). Pollen tubes 
penetrate at the base of adjacent papillae in Carya (Wetzstein and Sparks, 1989), 
Ulmus (Bob et al., 1986), and Cosmos bipinnatus  (Knox, 1973), but intracellularly 
in self-compatible ragweed (Ambrosia tenuifolia) (Knox, 1973). That hazelnut 
pollen tubes grow intracellularly down the style is  unlikely since pollen tube growth 157 
in the style is intercellular in all plants studied (Gaude and Dumas, 1987; Nasrallah 
et al., 1991). 
Although numerous pollen tubes were present by 12 h after pollination and 
thereafter (Fig. 5.4d), some grains remained hydrated without ever germinating, or 
germinated but did not penetrate the stigma. Germination without penetration was 
also seen in compatible Cosmos matings (Knox, 1973). 
Like compatible pollen, incompatible pollen had hydrated within 2 h (Fig. 
5.5a). Some grains remained completely collapsed; these may have been non­
viable. Impaired adhesion and hydration of incompatible pollen have been reported 
in some, but not all, crucifers (Dickinson and Lewis, 1973a; Gaude and Dumas, 
1987; Sarker et al., 1988). Hydration is unlikely to be limiting under field 
conditions normally experienced by hazelnuts during flowering.  However, impaired 
adhesion may be a factor in the loss of some pollen during fixation noted by 
previous workers (Thompson, 1979b; Heslop-Harrison et al., 1986). No change 
was observed until 8 h after pollination, when pollen tubes emerged from a very few 
grains. 
An amorphous substance adhering to the pollen grains and papillae could be 
seen in several electron micrographs (Fig. 5.5b), including several from the 
compatible pollinations, but was never observed on unpollinated samples. Both 
exine-and intine-held pollen proteins quickly diffuse out of the grains during 
hydration and later steps in pollen germination, and fuse with substances on the 
stigmatic surface (Gaude and Dumas, 1987; Heslop-Harrison,  1975). In hazelnuts, 
gelatinized pectins are also released from pollen grain apertures (Heslop-Harrison et 158 
Fig. 5.5. Stigmatic surface of hazelnut flowers after pollination with  incompatible
pollen.  (a) Fixed sample 2 h after pollination. Pollen showing varying degrees of
hydration.  (b) Fixed sample 12 h after pollination, showing unidentified substance 
adhering to pollen grains and papillae.  (c) Fresh, uncoated sample 5 h after 
pollination. A smooth-looking substance is visible between some adjacent pollen 
grains or between pollen grains and papillae (arrows).  (d) Fixed sample, 18 h after 
pollination. Pollen tubes are visible but do not appear to have entered the stigmatic 
papillae, and some appear coiled (arrows). Bar size in each photo = 10 Am. 
al., 1986). In fresh samples, both in our preliminary experiment and with the 
Hitachi SEM (Fig. 5.5c), we observed a viscous-appearing substance as early as our 
first sampling time (2 h).  Similar observations have been reported previously 
(Gaude and Dumas, 1987; Knox, 1973; Roberts et al., 1979).  Possibly this 159 
substance is denatured during fixation and dehydration and takes on the appearance 
seen in Fig. 5.4b and 5.5b. 
A number of pollen tubes were present after 18 h in incompatible matings, 
and after 4 h in compatible matings. Hes lop-Harrison et al. (1986) noted that 
incompatible hazelnut pollen failed to germinate, but did not specify the time of 
incubation. Thompson (1979b) reported abundant germination without penetration in 
samples viewed with fluorescence microscopy. In our experiments,  no tubes were 
observed to penetrate the stigmatic surface, and some appeared to be coiling (Fig. 
5.5d). Many pollen grains remained hydrated without showing any signs of pollen 
tube emergence throughout the study. Low percent germination, delayed 
germination, and coiled pollen tubes were seen in incompatible matings in Cosmos 
(Knox, 1973). In Raphanus,  germination was blocked in 60% of incompatible 
pollen without any visible ultrastructural change taking place (Dickinson and Lewis, 
1973a). 
Results from the squashed styles stained with aniline blue generally supported 
SEM observations. No evidence for penetration of the style  was found in 
incompatible pollinations. Coiled, bulbous, or tangled pollen tubes characteristic of 
incompatible reactions in hazelnut (Thompson, 1979b; Mehlenbacher and 
Thompson, 1988) were present on the stigmatic surface at 12 h and later (Fig. 5.6a). 
In compatible crosses, penetration of the style (long, parallel pollen tubes punctuated 
with callose plugs) was visible sometimes at 12 h, or more readily at 18 h and later 
(Fig. 5.6b). Although a few pollen tubes appeared to be entering stigmatic papillae 
as early as 4 h after pollination on electron micrographs, a considerable number of 160 
Fig. 5.6. Fluorescence micrographs of (a) incompatible and (b) compatible 
pollinations of hazelnut. Some papillar callose is visible in the incompatible mating
(pale, circular fluorescent spots). 161 
pollen tubes must penetrate some distance into the style to be easily identifiable on 
stylar squashes. 
Papillar callose is a hallmark of SSI (Laude and Dumas, 1987;  Nasrallah et 
al., 1991). A low and variable number of papillae in unpollinated and compatibly 
pollinated hazelnut styles contained small callose deposits, visible as lenticules 
fluorescing in papillar tips. This may be normal, but is more likely a response to 
mechanical damage during handling, e.g. touching during pollination.  After 4 h or 
more in incompatible matings, many papillae contained callose, either in the tips or 
throughout the inside of the papillar cell. Whether such callose deposition was 
limited to papillae in contact with incompatible grains could not be determined from 
squashed styles. No callose buildup or occlusion occurred in ungerminated pollen 
grains. Pollen tubes fluoresced brightly. 
The appearance of papillar callose in our samples was the same as in 
photographs of Hes lop-Harrison et al. (1986), who induced callose production in 
hazelnut papillae with incompatible pollen. The callose deposition response in 
hazelnut papillae appears to be less dramatic than in crucifers, composites, or elm. 
In Raphanus, Ulmus, and Cosmos, callose deposition in papillae, pollen grains, or 
pollen tubes was marked in incompatible crosses, though in Ulmus and Cosmos 
papillar callose occurred sporadically and to a lesser extent in compatible matings, 
too (Bob et al., 1986; Dickinson and Lewis, 1973a; Knox, 1973). Ifconsiderable 
incompatible pollination occurs in the field with hazelnut,  occlusion of papillae with 
callose might be disadvantageous for subsequent compatible pollination and nut set. 
We do not know whether such callose deposition is reversible. 162 
Our findings support the idea that stigmatic arrest of incompatible pollen and 
papillar callose production are characteristic features of SSI, though tricellular, 
short-lived pollen (Brewbaker, 1957) may not be. As in many other SSI species, the 
stigmatic surface of hazelnut is of the dry type. Incompatible pollen either fails  to 
germinate, or germinates belatedly and fails to penetrate the stigma. 163 
CHAPTER 6 
DOES THE GENOME OF CORYLUS AVELLANA L. (HAZELNUT) CONTAIN
 
SEQUENCES HOMOLOGOUS TO THE SELF- INCOMPATIBILITY GENE
 
OF BRASSICA?
 
For submission to Theoretical and Applied Genetics 164 
6.1. ABSTRACT
 
Self-incompatibility is a genetic mechanism enforcing cross-pollination in 
plants. Hazelnut (Ccnylus avellana L.) expresses the sporophytic type of self-
incompatibility, for which the molecular genetic basis is characterized only in 
Brassica. The hypothesis that the hazelnut genome contains homologs of Brassica 
self-incompatibility genes was tested. A method was developed for extracting 
genomic DNA from hazelnut leaves, a previously recalcitrant tissue. Key elements 
in success were the incorporation of a homogenization step in addition to grinding in 
liquid nitrogen, using a high ratio of extraction buffer to leaf tissue (10:1), and 
choosing partially-expanded leaves as starting material. The S-locus glycoprotein 
gene (SLG) and the kinase-encoding domain of the S-receptor kinase (SRK) gene of 
B. oleracea L. were used to probe blots of hazelnut genomic DNA. Weak 
hybridization was detected in all hazelnut genotypes tested with the SLG probe; 
however, with PCR-generated probes corresponding to two conserved regions of the 
SLG gene, no hybridization was detected. One of these PCR probes included the 
region of SLG encoding the 11 invariant cysteine residues that are an important 
structural feature of all S-family genes. The kinase domain of the SRK gene 
hybridized weakly to hazelnut DNA, but only in two of the cultivars tested. The 
present evidence suggests that the hazelnut DNA hybridizing to SLG differs 
significantly from the Brassica gene, and is probably not the S-gene of hazelnut. 
The genes controlling sporophytic self-incompatibility in these two species have 
either diverged greatly during evolution, or have evolved independently. 165 
6.2. INTRODUCTION
 
Although most plants bear both male and female reproductive organs, often 
closely juxtaposed within a flower, many mechanisms have evolved to encourage 
outcrossing.  Cross-fertilization promotes the heterozygosity and genetic exchange 
believed to be important to the long-term survival of most species. 
One of the most effective outcrossing mechanisms known is self-
incompatibility, defmable as the inability of a fertile hermaphrodite to produce 
zygotes after self-pollination. In self-incompatible plants, self pollen germination or 
tube growth is frustrated by some physiological barrier, preventing self-fertilization. 
With some exceptions, self-incompatibility is determined by a single 
multiallelic locus, called the S-locus. Any pollen expressing the same S-allele as the 
recipient pistil is rejected. Several forms of self-incompatibility exist, among which 
gametophytic and sporophytic self-incompatibility have been studied in the most 
detail.  In gametophytic self-incompatibility (GSI), the pistil accepts or rejects pollen 
based on the (haploid) S-genotype of the pollen grain.  S-alleles are always 
codominant in the pistil in this form of self-incompatibility. In sporophytic self-
incompatibility (SSI), acceptance or rejection is based on the (diploid) S-genotype of 
the pollen donor plant. Tapetal proteins (including recognition molecules) that are 
transferred to the pollen grain wall during microsporogenesis, are believed to be 
responsible for the recognition of the pollen parent's S-phenotype on the recipient 
stigma (Hes lop-Harrison et al., 1974). In SSI, S-alleles can interact in pollen and in 166 
pistil, showing dominance, codominance, mutual weakening, or other interactions. 
GSI occurs in more botanical families than does SSI. 
Families Asteraceae, Brassicaceae, Convolvulaceae and Caryophyllaceae 
exhibit SSI (Charlesworth, 1988). Incompatible pollen development is arrested on 
the surface of the stigma. In an incompatible mating, pollen adhesion, hydration, or 
germination is impaired.  If pollen grains do manage to germinate, the pollen tubes 
fail to penetrate the stigma. Cal lose is deposited in both the pollen tube and the 
stigmatic papillae with which it is in contact. These manifestations of sporophytic 
self-incompatibility are very similar among different botanical families (Howlett et 
al., 1975; Boyle and Stimart, 1986a; Nasrallah and Nasrallah, 1989). 
The study of SSI at the molecular level is limited to crucifers.  (For reviews, 
see Nasrallah and Nasrallah, 1989, 1993; Dickinson et al. 1992; Hinata et al., 1993; 
Matton et al., 1994). At least two expressed genes are now known to reside at the 
S-locus in Brassica, SLG and SRK. The term "S-haplotype" has been suggested as a 
replacement for "S-allele" to reflect this situation (Boyes and Nasrallah, 1993). 
The S-locus glycoprotein (SLG), first cloned by Nasrallah et al. (1985b), 
encodes a secreted glycoprotein abundant in the cell walls of the stigmatic papillae, 
and shows precise temporal regulation coincident with the developmental acquisition 
of self-incompatibility (Nasrallah et al., 1985a; Kandasamy et al., 1989). The SLG 
gene lacks introns. Sequence comparisons among alleles have shown that the 
protein encoded by SLG contains both conserved and hypervariable regions. The 
conserved regions include a portion at the N-terminal end, and 11 invariant cysteine 
residues in a particular arrangement toward the C-terminal end. 167 
SteM et al. (1991) cloned the S-receptor kinase (SRK). SRK contains seven 
exons, the first of which is virtually identical to SLG for a given S-haplotype. SLG 
and exon 1 of SRK appear to have co-evolved, and are probably kept alike by 
ongoing gene conversion events. The seven exons of SRK encode this extracellular 
"S-domain," a membrane-spanning helix, and juxtamembrane, kinase catalytic and 
C-terminal domains. SRK encodes a functional serine/threonine kinase (Goring and 
Rothstein, 1992), and SRK transcripts show temporal and tissue specificity similar to 
SLG (Stein et al., 1991). 
How SLG and SRK interact to effect pollen recognition remains unclear. 
Current evidence suggests that functional copies of both genes are required for 
proper operation of self-incompatibility. Nasrallah and Nasrallah (1993) review 
transformation experiments, studies of self-compatible mutants and other lines of 
evidence that suggest both genes are needed for self-incompatibility. SRK could 
conceivably transduce an extracellular recognition event across the plasma membrane 
by phosphorylating intracellular proteins. 
The Brassica genome contains a number of sequences homologous to SLG 
(Nasrallah et al., 1985b), some of which are expressed. The intronless genes SLR1 
and SLR2 (S-locus related genes) encode secreted glycoproteins with significant 
sequence homology to SLG, and show a similar expression pattern (for reviews, see 
Trick and Heizmann, 1992; Hinata et al., 1993). Sequence similarities include the 
11 invariant cysteines in the same arrangement as in SLG. The functions of the SLR 
genes are undetermined. Although their involvement in self-incompatibility has not 
been completely ruled out, they certainly play no part in determining allelic identity. 168 
The SLR genes are very highly conserved,  or even identical among plants with 
different S-genes, and are also present in self-compatible strains and species of the 
Brassicaceae (Lalonde et al., 1989). Neither SLR1 nor SLR2 is linked to the S-locus 
(Trick and Heizmann, 1992). 
A longstanding tacit assumption is that physiological mechanisms are similar 
for species sharing a given type of self-incompatibility (e.g. GSI or SSI). In some 
instances, this idea has been supported by experimental evidence. For instance, 
among families with GSI, the S-gene product is an RNase in the Solanaceae, and 
experiments suggest that S-gene products of Campanulaceae and Rosaceae may also 
be RNases (Singh and Kao, 1992; Sassa et al., 1992; Stephenson et al., 1992). The 
assumption is challenged by the discoveries of Foote et al. (1994), who cloned the 
S-gene of Papaver rhoeas L. (Papaveraceae, another family with GSI).  In this 
species, the S-gene product is not an RNase, and the physiological mechanism of 
incompatibility is clearly different. Because only one family with SSI has been 
examined so far at the molecular level, there is no basis for judging which events 
and mechanisms are general aspects of SSI, and which are unique to crucifers. 
Hazelnut expresses SSI. Thompson (1979b) conducted diallel crosses in 
hazelnut, and determined that the incompatibility was of the sporophytic type. 
Exhaustive crosses by Mehlenbacher and Thompson (1988) demonstrated a 
dominance hierarchy of seven levels. To date, 26 S-alleles have been  identified (S. 
A. Mehlenbacher, Oregon State University, personal communication).  Allelic 
interactions are somewhat simpler than in the Brassicaceae.  All known hazelnut S­169 
alleles are codominant in the pistil and show either codominance or simple 
dominance in the pollen (Mehlenbacher and Thompson, 1988). 
I am interested in studying self-incompatibility in hazelnut, partly as a basis 
of comparison to Brassica and partly for practical reasons. SSI in hazelnut cannot 
be overcome at present, and in hazelnut breeding programs it makes certain 
desirable crosses impossible, or compatible only in one direction. Callan and 
Thompson (1986) reported that applying sugars to the stigma at pollination allowed 
incompatible pollen tubes to penetrate the stigma and style. Subsequent research 
showed that the treatment was ineffective for overcoming self-incompatibility in the 
field (Mehlenbacher and Smith, 1991). In the orchard, a combination of dichogamy 
and self-incompatibility necessitates the planting of many pollinizers, with the 
attendant problems of ensuring cross-compatibility, simultaneous bloom and nut 
maturation, etc. Finding a way to reduce or overcome self-incompatibility may thus 
have practical benefits. 
The presence of SSI in hazelnut is rather anomalous. Fellow Betulaceae 
members Alnus (alder) and Betula (birch) reportedly exhibit GSI (Hagman, 1975). 
The presence of both GSI and SSI within one botanical family is highly unusual. 
Hazelnut also violates the widely-cited correlation between type of incompatibility 
and pollen cytology first noted by Brewbaker (1957). Unlike other reported cases of 
SSI, in hazelnut the pollen is binucleate and potentially long-lived (Hes lop-Harrison 
et al., 1986). Nevertheless, hazelnut is a typical sporophytically self-incompatible 
plant with respect to pollen-stigma interactions. The stigma is of the "dry" type, 
incompatible pollen is arrested on the stigmatic surface, and a buildup of callose is 170 
noticeable in both partners (Hampson et al., 1993). Most incompatible pollen fails 
to germinate. If pollen tubes do emerge, they are distorted and wander over the 
surface of the stigma without penetrating it. 
The objective of the present investigation was to determine whether the 
hazelnut genome contains homologs of the Brassica self-incompatibility genes SLG 
and SRK.  I reasoned that if the S-genes of the two species share a common 
ancestry, they may show sequence similarity at the DNA level, and heterologous 
probes from B. oleracea L. might detect the hazelnut S-gene on genomic DNA 
blots.  If successful, this approach may enable Brassica clones to be used as tools to 
advance understanding of SSI in hazelnut, and eventually to ascertain whether the S-
genes of these two species have a common evolutionary origin and mechanism of 
action. 
At the outset of the experiments, it quickly became clear that published 
protocols were unsuccessful for extracting DNA from hazelnut leaves.  I therefore 
developed a method for DNA extraction as a necessary prerequisite to the 
experiment described above. 
6.3. MATERIALS AND METHODS 
Plant material  Tender, young, partially expanded hazelnut leaves were collected 
from clones in a layer bed at the Oregon State University Vegetable Research Farm 
near Corvallis, Ore., and from specimens growing in a greenhouse without 
supplemental lighting, in fall, 1993. The cultivars and their S-alleles were: 'Ton& 171 
di Giffoni' (S2S23), 'Barcelona' (S1S2), 'Butler' (S2S3), `Gasaway' (S3S26), 
`Willamette' (S1S3), 'Hall's Giant' (S5S15), `Negree (S10S22), and 'Ennis' (S1S11).  S-
allele designations are from Mehlenbacher and Thompson (1988), and S.A. 
Mehlenbacher, Dept. of Horticulture, Oregon State University (personal 
communication). These clones were deliberately chosen to represent a variety of S-
alleles and geographic origins (including England, Italy, Spain and the USA). 
Leaves from the clones 'Ton& Gentile delle Langhe,"Ribet,"RG1,"Romai,' 
`Casina,"Brixnue and several numbered selections from the hazelnut breeding 
program were also collected at the university research farm shortly after budbreak in 
1994 for further work on DNA extraction methods. 
DNA was also extracted from three field-grown, self-incompatible inbred 
lines of broccoli (B. oleracea var. italica), and from tobacco (Nicotiana tabacum  cv. 
Maryland Mammoth) growing in a greenhouse. The S-genotypes of the broccoli 
lines (161, 179 and 240-5-24) were unknown. 
DNA extraction  Nine published protocols for DNA extraction were tried with 
minimal success. To increase yields of genomic DNA isolated, the following 
modified CTAB procedure was developed for use on hazelnut leaves. 
Leaves (fresh, or previously frozen in liquid nitrogen and stored at -80 °C) 
were ground to a fine powder in liquid nitrogen in a mortar. The powder was added 
to preheated (65 °C) 2 x CTAB buffer (100 mM Tris-HC1 pH 8.0, 20 mM EDTA, 
1.4 M NaC1, 2% CTAB, 1% B-mercaptoethanol) at a ratio of 10 ml per gram of 
leaf in a 50 ml polypropylene centrifuge tube. The contents  were promptly mixed to 
dissolve any frozen lumps of tissue, and the sample was homogenized for 15-20 172 
seconds in a Tekmar homogenizer (Tekmar Company, Cincinnati, Ohio). With 
new, spring leaves, a pinch of sand in the mortar could be substituted for the 
homogenization step. 
The samples were incubated for 60 mM. at 65 °C in a water bath with 
occasional gentle inversion. After a few minutes' cooling, one volume of 
chloroform: isoamyl alcohol (24:1) was added, and the phases mixed by rapid 
inversion. After centrifugation at 10,000 x g for 10 mM. at 25 °C, the  aqueous 
phase was carefully removed and 0.5 volumes of 5 M NaC1 added. After mixing, 
the DNA was precipitated by adding 0.6 volumes of cold (-20 °C) isopropanol and 
inverting to mix. A large thread of precipitating DNA was noticeable at this stage 
for Brassica and Nicotiana samples, but not hazelnut. 
The solution was immediately centrifuged (10,000 x g, 10 min at 4 °C), and 
the supernatant discarded. The pellet was washed with 76% ethanol 10 mM 
ammonium acetate, air-dried for approx. 5 mM. and resuspended overnight in 0.7 
ml of TE (10 mM Tris pH 8.0, 1 mM EDTA) at 4 °C. RNase A (Sigma, St. 
Louis, Missouri) was added to a final concentration of ca. 10-15 units per ml, and 
the samples incubated at 37 °C for  1 h. 
DNA was then extracted once with an equal volume of 1:1 Tris-equilibrated 
phenol:chloroform/isoamyl alcohol (24/1), and twice with 24:1 chloroform:isoamyl 
alcohol. After each extraction, the phases were separated by centrifugation for 10 
min. at 14,000 x g.  After the final extraction, DNA was precipitated with 0.1 
volume of 3 M sodium acetate (pH 5.2) and one volume of cold isopropanol. After 
centrifugation as before, the white pellet was rinsed with cold 80% ethanol and 173 
drained. To rid the pellet of remaining ethanol, it was air-dried thoroughly, or left 
uncovered at 37 °C for 15-20 minutes. The latter step, taken from Lodhi et al. 
(1994), was a quicker and reliable way to remove the remaining ethanol without 
excessively drying the DNA pellet. The DNA was resuspended in an appropriate 
volume of TE (usually 100 Al) overnight at 4 °C, and stored at 4 °C or -20 °C. 
The same procedure was used to isolate DNA from the herbaceous species, 
except that the homogenization step was omitted, and the initial precipitation of 
DNA from the aqueous phase was satisfactory with one volume of cold isopropanol 
alone. 
Bacterial transformation, genomic DNA digests and Southern blotting  E. coli cells 
(strain DH5a) were transformed with pBOS5 or pJS35-20 plasmid DNA. The 
pBOS5 plasmid, provided by Dr. June Nasrallah of Cornell University, contained a 
partial cDNA for SLG from the B. oleracea allele S6. The pJS35-20 plasmid 
contained the kinase domain of the SRK6 gene from B. oleracea, and was provided 
by Drs. J. Nasrallah and J. Stein of Cornell University.  Standard protocols for 
bacterial transformation were used (Sambrook et al., 1989). The pBOS5 and pJS35­
20 plasmids were isolated by the alkali lysis method (Sambrook et al., 1989) or by 
using a Qiagen column (Qiagen, Inc., Chatsworth, Calif.). Plasmid DNA was 
digested with restriction enzymes to excise the insert, which was then gel-purified. 
Hazelnut (= 20 AO or Brassica  10 AO genomic DNA was digested with 
either Hind III, Eco RI or Barn HI (New England Biolabs, Beverly, Mass.) and 
electrophoresed through a 0.8% agarose gel using TAE buffer (Sambrook et al., 
1989) at 120 V, or 25 V for overnight runs. The DNA was blotted onto a 174 
Zetaprobe GT nylon membrane (Biorad, Hercules, Calif.), as described by 
Sambrook et al. (1989). Restriction enzyme-digested tobacco DNA or sheared, 
digested salmon sperm DNA were included as negative controls. Hind III-digested 
lambda DNA served as a molecular weight marker (New England Biolabs). 
Blots were probed separately with the entire 1.2 kb B. oleracea SLG6 cDNA 
or PCR-amplified fragments thereof, the kinase domain of SRK6, or a soybean rRNA 
gene. At least two blots were probed with each probe. Approximately 50 ng of the 
desired DNA fragment was radiolabelled with 50 ACi of [a-nPNCTP, using 
Decaprime I or Decaprime II random primer labelling kits (Ambion, Austin, Texas) 
according to the manufacturer's instructions.  Prehybridization of the blot was 
carried out in 0.25 M Na2HPO4 (pH 7.2) and 7% SDS. The blot was hybridized 
overnight at 65 °C in the same solution with the labelled probe. 
For low-stringency washes, the membranes were washed twice in 2xSSC, 
0.1% SDS for 20-30 min., once at room temperature and once at 65 °C. Under 
these conditions, approximately 20-30% mismatch would be tolerated. For blots 
probed with the soybean rRNA gene, the blots were also washed successively with 
1xSSC, 0.5xSSC, and 0.1xSSC (all with 0.1% SDS) at 65 °C for 30-60 min. each. 
Only 3-4% mismatch is tolerated under these conditions. After washing, the blots 
were exposed to X-ray film (Fuji RX-6CU) for 5 days at -80 °C with two 
intensifying screens, except for the blots probed with the rRNA gene, which were 
left on film for 1.5 h with no intensifying screen. 175 
Blots to be re-probed were stripped by washing twice for 20-30 min. each in 
a large volume of 0.1xSSC 0.5% SDS at 95 °C. The stripped blots were checked 
by exposing them overnight at -80 °C with an intensifying screen. 
PCR conditions  The "Primers 2" computer program (Scientific and Educational 
Software, State Line, Penn.) was used to choose appropriate PCR primer pairs for 
amplifying target regions of interest from the pBOS5 plasmid. Primers were 
synthesized at the Central Services Laboratory, Oregon State University. The 
primer pairs (Table 6.1.) amplified the following regions of the SLG6 cDNA: a 148­
by fragment from nucleotide 384-532 ("fragment A"), a 102-bp fragment from 
nucleotide 725-827 (fragment B), a 362 by fragment from nucleotide 840-1202 
(fragment C). Fig. 6.1 diagrams the relative positions of these fragments in the 
mature S-locus specific glycoprotein (SLSG). 
Table 6.1. Sequences of PCR primers used to amplify selected portions 
of the Brassica SLG gene. 
Fragment A Forward:  CAG TAA CAA CGA CGC AAG TG 
Reverse: CGC TTG ATG GAT CAT CTG AA 
Fragment B - Forward:  CCA ACA ACA GCA TCT ACT CG 
Reverse: GAA GAC CAG AAC CTG TTC CA 
Fragment C Forward:  CCA GTG CGA TAC ATA CAT AA 
Reverse: TAA TTC CGC ATA TCG TCA AG 176 
signal peptide 
mature SLSG -31 to 0 
1-181  182-2681  269-405 
80%  52%  78% 
A 
A = AA 115-165 (NT 384-532) 
13= AA 229-263 (NT 725-827) 
C = AA 267-388 (NT 840-1202) 
Fig. 6.1. Diagrammatic representation of the Brassica S-locus specific glycoprotein 
(SLSG), showing amino acid (AA) conservation of three different regions of the 
protein among different S-alleles (Nasrallah and Nasrallah, 1989). The approximate 
positions of the protein regions encoded by the three PCR-generated nucleotide (NT) 
fragments used to probe DNA blots are shown below (not to scale). 
Satisfactory yield and purity of the desired fragments were obtained with 0.6 
Ag template DNA and 2, 3 or 4 mM MgC12 (depending on the primer pair used). 
The 100 Al reaction volume contained 200 1LM of each dNTP and 0.75 AM of each 
primer, plus 2.5 units of AmpliTaq DNA polymerase in the supplied buffer.  All 
reagents except the primers came from Perkin-Elmer (Norwalk, Conn.). Three 
controls were included with each reaction: no DNA polymerase, no primers and no 
template. The samples were overlaid with mineral oil before PCR to prevent 
evaporation. 177 
PCR was performed as follows: 3 min. at 94 °C; 39 cycles of 1 min. at 92 
°C plus 2 min. at 55 °C plus 3 min. at 72 °C. After the final cycle, the samples 
were held for 15 min. at 72 °C. Samples were kept at 15 °C before analysis. A 
Thermolyne Temp Tropic PCR machine (Barnstead-Thermolyne Corp., Dubuque, 
Iowa) was used. 
The appropriate PCR fragment was gel-purified and spun through  a 
Microcon-10 filter (Amicon, Inc., Beverly, Mass.) at 12,000 rpm for 30 min. to 
concentrate it.  Samples of the gel-purified fragment (5, 10 and 20 Al) and the 
filtrate from the Microcon (20 Al) were electrophoresed to estimate fragment 
concentration, and to check for purity and losses in the filtrate. 
6.4. RESULTS AND DISCUSSION 
DNA extraction from hazelnut leaves - The DNA extraction methods of Dellaporta 
(1983), Rogers and Bendich (1985, 1988), Doyle and Doyle (1990), Radetzky 
(1990), Paterson et al. (1993), Rowland and Nguyen (1993), Lodhi et al. (1994) and 
Steenkamp et al. (1994) were tried on hazelnut. This list includes protocols that 
have been successful on a wide variety of plants (including woody species), and 
several developed specifically for difficult plant tissues. Most extracted little or no 
DNA from field- or greenhouse-grown hazelnut leaves, although they were 
successful on tobacco, broccoli or poplar leaf samples processed simultaneously. 
Others were not pursued because of polysaccharide contamination or undesirable 
shearing of the DNA, or because the protocol described here extracted more DNA. 178 
The observation that protocols do not work equally well with different plant species 
appears frequently in the literature, and is usually attributed to secondary 
metabolites. 
I developed a modified CTAB protocol, starting with a CTAB buffer of 
common composition, and incorporating several steps that enhanced the yield and/or 
quality of DNA obtainable from hazelnut leaves. CTAB buffer was chosen because 
of its cost-effectiveness and general success with woody plants. The buffer:tissue 
ratio was increased to 10:1 (volume:mass), and the samples incubated at 65 °C for a 
longer interval  (60 min.). Samples were homogenized, and the DNA was 
precipitated directly from the aqueous phase after one CHC13: isoamyl alcohol 
extraction step. The addition of 0.5 volumes of 5 M NaCl immediately before 
precipitating the DNA with isopropanol (Lodhi et al.,  1994) reduced carbohydrate 
contamination. The new procedure drastically improved DNA yield, raising it to 
70-100 ki,g per g of leaf fresh weight. Although the homogenization sheared the 
DNA slightly, most of it was still of high molecular weight (  23 kb) (Fig.  6.2), 
and the A260/ A280 ratio, usually  1.9-2.0, indicated that the sample was free of protein 
contamination. 
Particular attention should be paid to certain aspects of the DNA extraction. 
Key elements in success were the leaf material chosen, proportion of buffer, and the 
homogenization step. 
The type of leaf material is of primary importance. Polysaccharide 
contamination of the .DNA was sometimes a problem with greenhouse-grown leaves, 179 
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Fig. 6.2. Ethidium bromide-stained minigel of undigested DNA from different 
genotypes of hazelnut and Brassica.  Lanes: 1 =Brassica line 161; 2 =Barcelona; 
3 =Brassica line 179; 4 =Hall's Giant; 5 = Willamette; 6 =Tonda di Giffoni; 
7 =Gasaway; 8=molecular weight markers; 9=Hall's Giant; 10=Barcelona; 
11=Negret; 12=Brassica line 161. Lanes 1-7 loaded with 5µl DNA, lanes 8-12 
loaded with 3 Al, where 1µl = 1% of the total DNA extracted from 1-1.5 g of 
leaves. 
regardless of the time of day leaves were collected.  Polysaccharides interfered with 
the spectrophotometric quantification of DNA, and in extreme cases, made accurate 
pipetting difficult by increasing the viscosity of the samples. The DNA 
concentration of samples was therefore estimated by comparing the ethidium­
bromide intensity of a 5µl sample on a minigel with that of a 2 or 3 tig aliquot of 
undigested, spectrophotometrically quantified DNA (iris DNA, provided by K.  van 180 
Zee, Dept. of Horticulture, Oregon State University). The amount of DNA loaded 
on gels is thus reported on a volume rather than a mass basis in Fig. 6.2 and 6.3. 
Polysaccharides are reported to interfere with the activity of some 
endonucleases, but such problems were rarely encountered in the experiments 
reported here. Ultracentrifugation in a CsCI gradient would eliminate 
polysaccharides. The use of etiolated tissue may also be worth exploring. Partially-
expanded leaves collected soon after budbreak yield DNA more easily and with 
much less polysaccharide contamination. 
DNA yields were not always consistent among different cultivars.  Certain 
genotypes (e.g. 'Hall's Giant') reliably yielded  100 Ag DNA per g of leaf tissue, 
others yielded DNA sporadically or in very low amounts (e.g. `Barcelona,' Tonda 
di Giffoni'), and some yielded none (e.g. 'Ennis').  An example of a batch of 
extractions appears in Fig. 6.2. In this case, the 'Fonda di Giffoni' and 'Negree 
samples contained no DNA, and the 'Barcelona' yield was low. Small differences in 
apparent leaf maturation rate and "toughness" were observed in the leaves collected 
from the layer beds. Inconsistent DNA yields could not be attributed solely to 
presumptive leaf age differences, however, because tender, young 'Ennis' and 
`Barcelona' leaves from the greenhouse proved equally recalcitrant. New spring 
leaves were the most amenable to DNA extraction and reproducibility among 
cultivars was also much improved. 
The importance of the proportion of buffer is clear from Fig. 6.3. When the 
ratio was 2:1 (buffer:leaf), no DNA was extracted (Fig. 6.3a, lane 1), but with a 
10:1 ratio, the yield markedly improved (Fig. 6.3a, lanes 2-4). For a more direct 181 
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Fig. 6.3. Ethidium bromide-stained minigel of undigested hazelnut DNA (a) 
extracted with two different proportions of buffer (b) obtained using sand  or 
homogenization during extraction. Panel (a) lanes: 1=Tonda Gentile delle Langhe; 
2 and 3=Barcelona; 4=Butler; 5=molecular weight markers; 6=2 izg iris DNA 
standard.  All lanes with 10:1 buffer: tissue except lane 1, where buffer: tissue is 
2:1. Panel (b) lanes 1=molecular weight markers; 2=2 Ag iris DNA standard; 
lanes 3-8=Tonda Gentile delle Langhe. Lanes 3-5 using sand, 6-8 homogenized. 
All samples 10:1 buffer: tissue.  All hazelnut samples 5 Al, where 1µl = 1% of the 
total DNA extracted. 
comparison with the same genotype and growing conditions,  compare the yield of 
DNA from 'Fonda Gentile delle Langhe' in Fig. 6.3a, lane 1 (2:1 buffer:tissue) with 
that from the same trees in Fig. 6.3b, lanes 3-8 (10:1 buffer:tissue). Optimal ratio 
was about 7:1 to 10:1. 
DNA yields were too low for Southern blotting or RFLP work unless leaves 
were both ground in liquid nitrogen and homogenized. In most cases, no DNA was 182 
obtained without homogenization. Sand in the mortar could be substituted for 
homogenization if new spring leaves were used. Grinding with sand lowered 
apparent DNA yield slightly, but shearing was minimal (Fig. 6.3b).  Little or no 
DNA was extracted when sand was used with greenhouse-grown leaves (data not 
shown). 
The method developed here provides fairly high yields of DNA free of 
protein contamination, and is superior to other published protocols tried. The DNA 
obtained was fine for the experiments described here, and would probably be 
suitable for PCR and similar applications, such as RAPDs. 
Probing the hazelnut genome with Brassica S-genes  In initial experiments, faint 
bands were observed after 2 days' exposure with one intensifying screen when 
hazelnut genomic DNA blots were probed with the Brassica SLG6 gene, while strong 
signals were observed with control Brassica DNA. To enhance detection of the 
bands from hazelnut, further DNA gel blot hybridizations were carried out, using 
more hazelnut DNA, and increasing exposure time to 5 days with 2 intensifying 
screens. 
Fig. 6.4a shows an example of a blot probed with the entire 1.2 kb cDNA of 
SLG6. Multiple bands were observed in the Brassica genotypes, consistent with 
previous reports that SLG is one member of a multigene family (Nasrallah et al., 
1985b). Bands with the strongest hybridization in the Brassica lanes probably 
correspond to the SLG gene in these lines. Some RFLPs are present among the 
Brassica genotypes (Fig. 6.4a, lanes 2, 9 and 12). 183 
Fig. 6.4. Blots of Hind III-digested genomic DNA probed with Brassica or soybean 
genes. Probes were: (a) entire SLG6 (b) fragment A (N-terminal fragment) of SLG6 
(c) fragment B (hypervariable-region fragment) of SLG6 (d) fragment C (cysteine 
region fragment) of SLG6 (e) soybean rRNA gene (0 kinase domain of SRK6. Lanes 
were loaded with 20 Ag of hazelnut DNA or 10 ktg of Brassica, Nicotiana, or 
salmon sperm DNA. kb 
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Fig. 6.4f 190 
DNA from all the hazelnut cultivars hybridized to SLG (Fig. 6.4a, lanes 4, 
6-8, 10, 11). At the low stringency used, the hazelnut sequence is estimated to be 
70-80% similar to that of the Brassica probe. Two bands of approximately 9.9 kb 
and 8.2 kb were common to 'Hall's Giant' (S5S15), 'Butler' (S2S3), `Negree (S10S22) 
and `Gasaway' (S3S26).  In `Gasaway' (S3S26) and 'Barcelona' (S1S2), the 8.2 kb 
fragment is prominent. An extremely faint band at about 4.2 kb was barely 
detectable in most cultivars. The absence of any signal in the lambda, salmon 
sperm, and tobacco DNA (Fig. 6.4a, lanes 1, 3, 5) confirms that the probe is 
binding specifically. 
The common position of hybridizing bands among hazelnut genotypes with 
different S-alleles and widely different geographic origins was very surprising. 
Since hazelnut cultivars are clonally propagated and strongly outcrossing, one would 
expect them to be at least as heterozygous as the three different strains of broccoli. 
The positions of bands hybridizing to the SLG6 probe were also common to all 
hazelnut cultivars when Eco RI or Bam HI was used to digest the DNA. The 
hybridizing sequence in hazelnut therefore seemed to be very conserved among 
genotypes, in contrast to the abundant polymorphisms around the S-locus of Brassica 
and the Solanaceae (Nasrallah et al., 1985b; Singh and Kao, 1992). 
To further characterize the nature of the hybridizing DNA in hazelnut, 
probes to specific portions of the SLG6 gene were used. The aim was to elucidate 
the segment of SLG that was hybridizing to the hazelnut sequence. For example, if 
the hazelnut sequence encoded a secreted glycoprotein or receptor serine/threonine 191 
kinase, it may exhibit the structural features of S-multigene family members, without 
necessarily being the hazelnut self-incompatibility gene. 
To this end, three regions of SLG6 were chosen for PCR amplification and 
used as probes (see diagram in Fig. 6.1): (a) fragment A, coding for a portion of the 
N-terminal region A (amino acid 115-165 in the mature protein) that is conserved 
among Brassica Class I alleles (b) fragment B, corresponding to a short stretch of 
the "hypervariable" region B (amino acid 229-263) (c) fragment C, encoding a 
portion of the C-terminal region (amino acid 267-388) spanning the 11 conserved 
cysteine residues that are the "major structural hallmark" of all S-multigene family 
members (Nasrallah and Nasrallah, 1993). Fragments A and C, but not B,  were 
expected to hybridize with the Brassica DNA. Blots were also probed with the 
kinase domain of SRK6. 
The blot shown in Fig. 6.4a was probed sequentially with fragments A, B 
and C. As anticipated, fragment A hybridized to all three Brassica positive controls 
(Fig. 6.4b, lanes 2, 9, 12)). However, no signals appeared in any lanes with 
hazelnut DNA, nor any of the negative controls. When the blot was probed with 
fragment B, no hybridization was observed in any of the lanes, except for a very 
faint doublet in Brassica line 179 (Fig. 6.4c, lane 9). Presumably there is sufficient 
homology in this sequence with the SLG6 hypervariable region for the probe to 
hybridize at low stringency. Probing with fragment C, the coding region spanning 
the cysteine array, likewise resulted in signals only in the Brassica control lanes 
(Fig. 6.4d). All three fragments therefore reacted as expected with the Brassica 
controls, and none hybridized to any of the negative controls. 192 
None of the fragment probes hybridized to DNA from any of the hazelnut 
genotypes. The most likely explanation for this observation is that the hazelnut 
sequence is hybridizing to some region of SLG outside the areas spanned by 
fragments A, B and C, and either contains no sequence similarity to Brassica within 
these regions, or the sequences diverge by more than 30%. The three fragments 
cover only about half of the Brassica SLG-coding sequence. However, fragments A 
and C comprise parts of two SLG regions showing conservation among Brassica S-
alleles. Conserved regions are believed to be important for the gene's function, 
especially the cysteine array. The fact that these appear to be absent in the hazelnut 
DNA that hybridized to the SLG probe suggests that the hazelnut DNA sequences 
diverge from SLG in important ways. 
Certain other explanations for the lack of hybridization to hazelnut DNA can 
be discounted from control data. For example, it is unlikely that hybridization 
signals fell below the detection limit when using shorter probes (the fragments), 
because Brassica bands as faint as those of hazelnut with SLG as a probe were 
detectable with the fragments (e.g. compare the intensity of the 3 or 4 highest 
molecular weight bands in line 240 when probed with SLG (Fig. 6.4a, lane 2) and 
with fragment C (Fig. 6.4d, lane 2). The specific activities of the probes were 
probably similar. 
A weakened signal due to repeated probing is also unlikely. Other blots 
probed few or no times previously reacted the same way to the different fragments 
as the blot shown. In addition, equally faint bands in Brassica had not disappeared 
during consecutive hybridizations. Furthermore, the blot in Figs. 6.4a to 6.4d  was 193 
re-probed with SLG at the end of the experiments, and the same two bands noted 
earlier in the hazelnut lanes were still easily distinguishable. Finally, blots probed 
with a soybean rRNA gene demonstrated that the hazelnut DNA was capable of 
hybridizing with a conserved gene (Fig. 6.4e). 
The hazelnut sequences hybridizing to SLG seemed very conserved  among 
diverse cultivars (no polymorphisms were seen). This observation raises the 
question of whether the hazelnut sequence could be an S-multigene family member 
(e.g. an SLR-like molecule or another secreted glycoprotein, or a transmembrane 
receptor kinase). Such genes have been found in several plant species, and they 
may be involved in intercellular signaling (Nasrallah and Nasrallah, 1993). 
However, the precise arrangement of cysteines is considered to be a distinguishing 
feature of the S-multigene family, so fragment C should have hybridized to any such 
genes in hazelnut. The cysteine region is either absent in the SLG-hybridizing 
hazelnut sequence, or it differs by more than 30% from the Brassica probe. 
When the kinase domain of SRK6 was used as a probe, it detected several 
bands in the Brassica controls (Fig. 6.40. This probe also hybridized weakly with 
the 8.2 kb band in hazelnut, but only in 'Hall's Giant' and 'Butler.' The 8.2 kb 
bands in 'Negro' and `Gasaway', which were of similar or greater intensity to those 
in 'Hall's Giant' and 'Butler' when probed with the SLG (Fig. 6.4a),  were not 
detected by the kinase probe (Fig. 6.40. 
One explanation for this observation is that a kinase-encoding sequence is 
present on the 8.2 kb band in 'Hall's Giant' and 'Butler,' but not in `Negref or 
`Gasaway.' Alternatively, a kinase-encoding sequence could be present in the 8.2 194 
kb band of all hazelnut genotypes, but homology to SRK6 is below 70% in all cases 
except 'Hall's Giant' and 'Butler.' Any kinase related to self-incompatibility in 
hazelnut should be present in all cultivars, because all are self-incompatible. Only 
one band is present in the 'Hall's Giant' and 'Butler' lanes, and its position is the 
same for different S-alleles. On Bain HI-digested DNA blots, bands that weakly 
hybridized to SRK in hazelnut DNA appeared in different positions from those 
hybridizing to SLG (data not shown). 
The identity and significance of the SLG6-hybridizing sequences in hazelnut 
DNA remain uncertain. Present evidence suggests that these sequences are unlikely 
to be the S-gene of hazelnut, however. SLG6 was the only probe that hybridized to 
all hazelnut cultivars, and it provided a weak signal. Furthermore, the two bands 
detected by SLG6 were at the same position in all genotypes tested.  Considering the 
diversity of S-alleles, genetic backgrounds, geographic origins and phenotypes 
represented by the hazelnut cultivars, the absence of variation is remarkable. Such 
conservation around a putative S-locus would be even more difficult to explain, in 
view of previous work on other species. In both sporophytic and gametophytic self-
incompatible plants studied at the molecular level, variability both within and around 
the S-locus is high (Singh and Kao, 1992; Hinata et al., 1993). The hazelnut DNA 
also failed to hybridize with two regions of SLG6 believed to be important to its 
function in self-incompatibility, including one that is an invariant structural feature 
among all S-multigene family genes. 195 
The evidence presented here suggests that the S-genes cloned from Brassica 
will not be useful for exploring the mechanism of SSI in hazelnut. SSI genes of 
Brassica and Corylus have either diverged greatly during evolution, or are of 
independent origin. 196 
CHAPTER 7
 
SUMMARY 
Shade had a pronounced negative effect on potential productivity in hazelnut. 
Although shade curtailed flower formation in both sexes, especially catkins, floral 
initiation was less sensitive to shade than in many orchard crops. Flower bud 
formation is probably limited by shade in lower portions of the canopy and by tree­
to-tree shading in the orchard. Shade also decreases flowering indirectly by 
reducing the amount of one-year-old wood available for initiating flowers. This 
indirect effect is probably more important than the direct one in prolonged or 
extreme shade. 
Shaded regions of the canopy are also likely to undergo large reductions in 
nut yield, which was more sensitive to shade than flowering was in these 
experiments. Nut number was reduced even in light shade. Nut weight also 
dropped as shade increased, and moldy and poorly filled kernels became more 
common. 
Losses in net primary productivity underpin low yields. In these 
experiments, hazelnut leaves adapted to shade but were still able to achieve fairly 
high photosynthetic rates if exposed to higher irradiances. Because shade-grown 
leaves can take advantage of any direct light that might become available (e.g.  sun 
flecks), net production is more likely to be limited by the light available at leaf level 
than by the plant's photosynthetic capacity. More attention to canopy management 197 
therefore seems justified. Limited winter pruning to open the canopy might alleviate 
most of the detrimental effects of shade on flowering and productivity without losing 
much fruiting wood, particularly in cultivars with low apical dominance (e.g. 
`Ennis'). 
Studies of self-incompatibility answered some questions and raised many 
more. Despite having unusual pollen cytology for a plant with SSI (Hes lop-Harrison 
et al., 1986), hazelnut displays the pollen-stigma interactions typical of such plants. 
Flowers have dry stigmas. Incompatible pollen is arrested on the stigma surface. 
Most of it fails to germinate; any incompatible pollen tubes to emerge do so 
belatedly, and wander over the stigma surface without penetrating it.  Cal lose is 
deposited in both partners. Preliminary efforts at a bioassay confirmed that pollen 
extracts were sufficient to elicit the papillar callose rejection response. 
Brassica is the only well-characterized model of SSI. The Brassica S-genes 
SLG and SRK do not show promise as tools for exploring SSI in hazelnut. When 
SLG was used to probe hazelnut genomic DNA, it hybridized weakly to a sequence 
that was invariant among all cultivars tested. No hybridization was detected with 
probes made to two conserved regions of SLG that are thought to be important to its 
function in SI in Brassica. The hybridizing sequence in hazelnut DNA therefore 
appears to differ from SLG significantly. SRK hybridized weakly to only two of the 
hazelnut genotypes tested.  Clearly, if the S-genes of hazelnut and Brassica evolved 
from a common ancestral gene, they have diverged greatly during evolution.  I 
speculate however, that SSI arose independently in these species.  In either case, 
interesting questions about the evolution of SSI are raised. 198 
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SUPPLEMENTARY DATA FROM SHADE STUDIES OF HAZELNUT
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Fig. A1.1. Temperatures recorded by thermistors inside the canopy of unshaded 
trees (0% shade) and trees under 92% shade. The thermistors were in the canopies 
from 08:35 a.m. to 16:50 p.m. on 24 Sept. 1991. 223 
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Fig. A1.2. Mean nut size distribution under different shade regimes for (a) 'Ennis' 
after two consecutive years of shade and (b) 'Barcelona' after one year of shade. 
Nuts were sized with commercial screens into size categories used by the industry. 
Values shown are the means of 100-nut samples from each of 4 trees per treatment. 224 
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BIOASSAY FOR INCOMPATIBILITY SUBSTANCES 
Preliminary efforts were made to establish a bioassay for pollen recognition 
proteins, using papillar callose production as an indicator of rejection. Cal lose  was 
detected microscopically as blue fluorescence after staining squashed styles with 
aniline blue.  'Willamette' (S1S3) or 'Barcelona' (S1S2) female flowers were used. 
`Casing' (S10S21) was used as a compatible pollen donor for both cultivars; 
incompatible pollen donors were 'Royal' (S1S3) for `Willamette' and 'Ennis' (S1S11) 
for 'Barcelona.' (Alleles in boldface type are expressed in pollen; all alleles are 
codominant in the pistil tissues.) 
Variables investigated included the ratio of pollen to extraction solution, 
extraction time, composition of pollen extraction solution, agitation during pollen 
extraction, boiling the pollen extracts for 10 min. prior to use, dilution factor of the 
extraction solution applied to female flowers, exposure time of females to the pollen 
extracts, and length of time between exposure and scoring of female flowers. 
Best results were obtained with the following procedure: Extract 100 ± 3 mg 
of pollen in 300 Al of extraction solution (50 mM phosphate buffer (pH 6.5) 
containing 1% w/v of Triton X-100) for 6-8 h at 0 °C with gentle agitation. Spin at 
maximum speed on a microfuge (ca. 12,000 x g) for 5 min and remove the 
supernatant carefully with a pipet, taking care not to draw pollen into the solution. 
Using forceps to hold the bud, dip a female flower cluster into the undiluted 225 
supernatant for a few seconds until all the styles are wet. Place the buds in petri 
dishes lined with moist filter paper and incubate for 24 h. Squash the styles in 
aniline blue dye (Thompson, 1979b) and examine papillae under a fluorescence 
microscope. 
Stigma extraction was also attempted for use in bioassays on pollen 
germination. Extraction solutions tried were: 150 mM phosphate buffer (pH 6.5) 
with or without 0.005% Triton X-100; 20% sucrose; 1% detergent in 20% sucrose 
(Triton X-100, octylglucoside, Tween). Styles were extracted with or without 
soaking, agitating or grinding. Styles were also pressed onto the surface of solid 
pollen germination medium, left overnight at 4 °C and then removed. Compatible 
or incompatible pollen was dusted onto the agar and scored for germination at 
intervals of 0.5 to 3.0 h. 
Pollen extracts induced the papillar callose typically seen as part of the 
rejection response. With compatible extracts or controls, stigmas usually showed no 
callose, or callose only in scattered papillae or areas of injury or senescence (data 
not shown). Incompatible pollen extracts induced a qualitatively different, more 
widespread, diffuse callose throughout individual papillae (Fig. A2.1). Pollen 
extracts also induce papillar callose in crucifers and Cosmos (Dickinson and Lewis, 
1973a; Hes lop-Harrison et al., 1974; Howlett et al., 1975). 
Reactions obtained here were too inconsistent for a reliable bioassay. 
Occasionally diffuse callose was found in controls, and on two occasions, even in 
compatible matings. Sometimes no callose was seen with any of the extracts. 
Interpretation of these findings was complicated by the aging of the styles. By the 226 
Fig. A2.1. Fluorescence micrograph of papillar callose rejection response elicited by 
extracts from incompatible pollen. 
time assay conditions had been worked out sufficiently, the flowers were beginning 
to senesce, and perhaps contributed to the inconsistency. 
A major limitation to this work is that a papillar callose bioassay cannot 
detect recognition, only rejection. Work on Brassica indicates that papillar callose 
is not essential to self-incompatibility, and occurs some time after the recognition 
event has taken place (Shivanna et al., 1978; Singh and Paoli llo, 1990). Another 
limitation is the availability of living female flowers. The flowering period for 
hazelnut is longer than for many trees, but suitable flowers are unlikely to be 
available for more than 6 weeks a year. Fresh compatible and incompatible pollen 